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1.0 INTRODUCTION

Recirculating flow fields established by turbulent jet mixing of two coaxial streams
in a constant-area, axisymmetric duct occur in many industrial and aerospace burner,
furmnace, and combustor configurations. The so-called “sudden™ expansion or “dump”
combustors used in ramjet-rocket propulsion systems are designed on the principle of
cstablishing and maintaining combustion in regions of recirculating flow within the
combustor. Historically, combustors have been designed by *‘cut and try” methods. While
such methods have led to practical and thermodynamically efficient combustors, they are
time-consuming and expensive. More recently, systems have been encouniered in which
the design criteria cannot be pragmatically achieved by purely experimental means. The
ability to deal with such advanced systems problems requires detailed knowledge of both
the fluid mechanical processes and the coupling between the turbulent flow and the
chemical reactions.

The purpose of the study reported herein was to obtain data to aid in the
development and evaluation of analytical techniques fo analyze and predict the turbulent
mixing and combustion phenomena which occur in a wide variety of engineering
applications. This development requires date-on many different flow configurations if the
techniques are to be general and applicable to more than a limited number of
configurations. Experimental data are available for boundary-layer-type flow, but
development and evaluation of analytical models for ducted, recirculating flow
configurations has been hampered by the lack of detailed experimental flow-field
information for such configurations.

Radial distributions of total pressure, mean axial and radial velocity, turbulence
intensity, gas composition, velocity cross-correlation, static temperature, and wall static
pressure distributions were obtained in a confined, axisymmetric, recirculating flow ficld
typical of a dump combustor. The measurements were obtained both with and without
chemical reactions at one fixed stoichiometry. The data may be used as a guide for
design cstimates for combustors or combustion processes and as an aid in developing and
evaluating theoretical models and predictive techniques for such flows and processes. The
data are tabulated in Appendix A.

The essential features of the recirculating flow field are shown in Fig. 1. For a
certain range of fluid influx conditions, jet mixing of coaxial streams leads to the
creation of an eddy of recirculating fluid existing on a time-averaged basis as a toroidal,
highly vortical region with high turbulent intensities and relatively low average velocities.
The eddy of the recirculating region is generated when the “entrainment or pumping
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capacity™ of the higher velocity, primary jet siream is greater than the mass flow
available in the outer, lower wvelocity, secondary stream. For those conditions, the
primary jet “establishes” the recirculation eddy which provides mass flux to balance the
jet entrainment requirements. The recirculation eddy can exist with or without secondary
flow. However, as the secondary mass flow rate is increased to some critical “blow-off™
value with a constant primary jet mass flow rate, the recirculation eddy structure
disappears and the duct flow becomes characterized by positive axial velocities
throughout the flow. The perfinent features which may be used to describe the
time-averaged flow field with recirculation are as follows:

1. the axial location of the characteristic time-averaged stagnation points on
the duct wall, denoted Xpg and Xgg in Fig 1;

2. the time-averaged axial velocity field;

3. the time-averaged distribution of mass, energy, or temperature of the fluid
from the primary stream which characterizes the qualitative and
quantitative nature of the mixing that has occurred between the two
streams;

4, the time-averaged axial distribution of wall static pressure.

Nozzle

_ 5 R Exit .
=8 Plane, Xcg
g ,;—-I x X=0 XRs

Axial Directlon IL'—_ Recirculation Zone —-

parrs ppedireer

L LAY L E AT TN TR LA ALY -'/!“"J[} P A

_____'——-;,,4'./'/;/— > — Streamline
— Pattern

Hydrogen (SmF?;Fry) >

i {Primary —— - -
A — —_—
"(ha) D> —g
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Ug Is the secondary velocity at the nozzle exit

Up Up is the primary bulk velocity at the nozzle exit.

Figure 1. Features of turbulent, ducted mixing flow field
with recirculation.

All of these gross features of the flow, their spatial distributions and magnitudes,
appear from experimental cvidence to be dependent on the ratios (us/u,, ps,"pp} Rs/Ryp )
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on a Reynolds number based on the primary {low at the nozzie exit station, and on
chemical reactions oceurring in the flow. However, it is also an empirical observation that
for sufficiently high values (> 1.5 x 104) of the primary jet Reynolds number, defined
by

TRe, = P “p/"p (1)

the time-averaged welocity, species concentration. and static pressure ficlds become
independent of Ng .. which is the case in the present study.

2.0 APPARATUS

2.1 TEST CELL

The test cell, which is a modification of the one used by Schulz (Ref. 1) and Chriss
{Ref. 2), is shown in Fig. 2. The test chamber consists of a 5-ft-long stainless steel duct
with an inside diameter of 5.24 in. A hydraulically driven, axially traversing nozzle

5.24-in, 1D 5tainless

Steel Pipe ;0" Rings

Probe Pulsed Laser
\‘Beﬂm Path

1/4-in. -Wide Slot

Probe Yolume (LV) * -n! :

or Viewing y

Region ILRS)

' Bafile Plates

Inner Nozzle | D =2, 067 in.

Screen Pack

e LV Beam Path

o .‘r‘
; ~
Laser Energy Dump

Window Lﬁlﬂ

Transmitting Lens {LV) or Spectrometer Lens (LRS)/

Figure 2. Recirculating flow combustor simulation facility,

assembly was mounted inside the duct. The nozzle assembly was traversed in discrete
steps during the testing to vary the distance betwecn the primary jel nozzle exit plune
and the radially positionable pitot pressure and gas sampling probe. An O-ring system
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provided a seal between the movable nozzle assembly and the duct. The test chamber
included a 1f4-in.-wide slot centered at the axial plane of the traversing probe tip as
shown in Fig. 2. The slot provided optical access for the laser instrumentation. A quartz
window assembly was used to seal the slot, and an optical access port was located on top
of the test cell in the measuring plane to allow passage of the pulsed laser beam required
for the laser-Raman apparatus. A laser energy dump was located 180 deg from the optical
access port to allow dissipation of the pulsed laser beam energy.

The primary nozzle assembly consisted of a 2.067-in.-ID circular pipe which
introduced the primary air jet at a nominal bulk flow velocity of 335 ft/sec. An annular
secondary injector assembly was provided through which hydrogen entered the duct, The
secondary hydrogen flow passed through two porous plates and a screen pack, shown in
Fig. 2, which acted to stabilize the flow system. External watcr spray nozzles were
positioned outside the duct to cool the walls. A spark plug was located downstream of
the traversing probe to ignite the combustible hydrogen-air mixture.

2.2 INSTRUMENTATION

2.2.1 Pressure and Temperature

A water-cooled total pressure and gas sampling probe of the type described in Ref. 3
was installed in the duct at a fixed axial position. The probe tip, detailed in Fig. 3, was
traversed radially across the duct by a hydraulic drive mechanism. By changing the
positions of the axially traversing nozzle assembly and the radially traversing probe. axial

Motes: 1. Not to Scale «— \M-in, Copper Jube
2. <= Indicales Water Flow "
' '3
+— Heli -Arced Tip <—=—— Demineralized Water, 350 psi
N, 015 -in. Diam by I

, 0.000-in. Wall, Copper A

vl s Ty — Y _ Il! Y
3. 0%-1n. Diam by 0. Ot1-in. Wall, Copper” %
LS LR SR P AT LS T LT RN A AR AR FEXF AN S TR T T AL i3
,—0.063-in. Diam by 0. 006-in. Wall, Copper —
LR LY AR X ARERRRY AL L% R Ml T R N Y bl L L% i LAY s Ly,
- — Piiot Pressure 2nd Gas Sempling Tube—- - -
AV ALY 3 WA LA LA LY LA TLPIRR TRV VORI WA W R A A AL " A
g il L L T T oy ll!ff"'?’_ T ri T :
Sliver Solder
o ~ = — N N
.
Z-0,02-in, -diam Orill
|
] N A A (TR LI I P LARE T TSN AT FAT S AN
2 - ——

Figure 3. Water-cooled probe tip.
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and radial surveys were made in the recirculating flow field. The total pressure was sensed
with a variable capacitance transducer and a strain-page transducer to obtain maximum
accuracy over the range of pressure encountered.

In addition to the probe assembly, 41 static pressure orifices (0.040-in. diameter)
were installed approximately 1 in. apart along the duct wall. The orifices were connected
to a water manometer which was photographed during the tests to record the wall static
pressure distribution.

The total temperature of the gaseous supplies of hydrogen and air were measured
with copper-constantan thermocouples located upstream of critical-flow venturis, which
were used to meter the primary and secondary mass flows.

2.2.2 Gas Concentration

The mass fraction of hydrogen present in the probe-extracted gas samples was
measured using two different techniques. For the case of flow with no chemical
reactions, extracted gas samples were analyzed using a thermal conductivity' cell
apparatus. The appuratus was similar to that described in Ref. 4 and was calibrated prior
to each test period by passing known mixtures of GHz/GN; through the cell and
measuring millivolt output. For the case of flow with chemical reactions occurring,
extracted gas samples were analyzed using an infrared emission-absorption cell apparatus
similar to that described in Ref. 5. Gas samples were withdrawn from the stream through
the probe and passed through a platinum-wound catalytic heater to insure completion of
the chemical reaction. The sample was then drawn intoe an evacuated chamber which had
an optical viewing port on each end (Fig. 4). The infrared emission-absorption apparatus
wus then used to determine the infrared transmissivity of the sampled gas, from which
the water vapor mass fraction could be calculated using Beer’s law (Ref. 5). The entire
gas sampling system was steam heated to prevent condensation of the water vapor in the
gas sample.

Additionally, for the case of flow with chemical reaetions, species concentration and
static temperature measurements were obtfained using an in-situ laser-Raman spectroscopy
apparatus which is described in detail in Ref. 6 and shown schematically in Fig, 5. A
Q-switched ruby laser and a spectrometer were mounted on a traversing table as shown in
Fig. 5. The pulsed ruby laser beam was transmitted vertically through the test section
using a transmitting lens and mirror. The spectrometer viewing planc was oricnted 90 deg
from the path of the laser beam. Alignment of the optical apparatus and location of the
spectrometer viewing path/laser beam intersection were determined with the aid of a
He-Ne alipnment laser. The spectrometer viewing volume was ¢.039 in. in diameter by
0.125 in. long. Temperature and air number density were determined by analyzing the
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Gas Sample - =—— Steam-Tracad
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L 'R Glohar aF Windows [— Deteclor
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Figure 4. Schematic of IR emission-absorption apparatus.

pure rotational Raman lines as described in Ref. 6. Data were obtained by pulsing the
ruby laser and measuring the intensity of the N;-O, rotational Raman line, which is
related to the rotational temperature of the gas and the maolecular species number
density. The laser pulse width was 20 x 109 sec, and the experimental data rate was 15
pulses per data point at a rate of 15 pulses per minute. The low experimental data rate,
resulting in a relatively low statistical confidence level, was necessitated by time
constraints on testing. The results obtained for the mean tomperature and species number
density are, therefore, only approximations to the true value of these parameters. The
degree of approximation can be evaluated in terms of the statistical confidence level (Ref.
7). For a data set of 15 samples and a 95-percent confidence level, the confidence
interval for the mean temperature in the recirculating flow ficld is less than 20 percent.

2.2.3 Velocity and Turbulence

2.2.3.1 Selection of Velocity Measurement Technique

The presence of high temperatures, chemical reactions, recirculation, and high
turbulence levels in the simulated dump combustor flow field precludes the accurate
determination of flow characteristics by conventional methods. Conventional

10
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instrumentation systems such as hot-wire anemometers and pitot probes materially
interact with the flow environment and introduce local flow disturbances which make
them unsuitable for recirculation flow measurements. Such devices are subject to damage
because of impact and thermal loading. The pitot probe does not adequately respond to
fluid transients and can be sensitive to changes in flow direction so that it is of little use
in measurcments of turbulence. Hot-wire anemometers can provide accurate turbulence
information; however, they are limited to moderate turbulence levels, require an
independent measurement of fluid temperature in a nonisothermal flow, and above all are
fragile and incapable of survival in the hostile environment of a combustor flow field.
These difficulties generally can be avoided by use of a laser velocimeter (LV) system
which can, under controlled circumstances, obtain the required data with reasonable
accuracy. It has been shown (Ref. 8) that concurrent determination of shear stress and
turbulence intensity is possible if both axial and radial velocities are measured
simultaneously with the LV system. Ih addition, a Bragg-diffracted LV will indicate the
flow dircctionality in a recirculating flow. Thus a Brage-diffracted LV was selected as the
velocity-measuring instrument to be applied to the flow in the simulated dump
combustor.

0-Switched Ruby Laser

Pockels Cell 7 Beam Expander

He-Ne Energy Manitor Transmitting Lens
Alignment ! Mirror
Laser é_
_vl—-l -E.H.'H"
I

DuaI_PI)oto- Pulsed Laser
Multiplier " Beam Path

Viewport
\ | Test Cell (Flow into

;u Plane of Figure}
1

It
lﬂ 1l

n

Spectrometer — -

1l i | | Y —l
_/ £nergy Dump
i Scanning Tahle
§
§
[ ] N
AL LSS

Figure 5. Laser-Raman experimeantal configuration,
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2.2:3.2 Laser Velocimeter

Velocity measurements were made in the duct with an offaxis, individual
realization, two-component Bragg-diffracted laser velocimeter operating in the backscatter
mode as shown in Fig. 6. An argon-iron laser capable of producing an optical power of 2
watts in the 514.5-nm wavelength line was the light source. Light from the laser is
directed by mirrors and lenses which reorient and focus the beam at the center of a
two-component Bragg cell beami splitter. The water-filled cell has 15- and 45-MHz
piezoelectric oscillators in the horizontal and veriical branches, respectively. The two
lower order beams for both the horizontal and vertical beam splits were allowed to pass
through a collimating lens and a beam expander. The resulting parallel beams were then
redirected by mirrors and lenses and focused together in the flow field. In the beam
crossover region, or probe volume, a set of interference fringes is formed, the dominant
fringe pair being aligned with the longitudinal and vertical axes of the flow field. Since
the Bragg cell imparts to each higher order beam a frequency shift equal to the

Collector
Opties —__

Focusing

Lens\\‘

To Signal-Conditioning Electronics and DDP
Counter Weight

L
I,;’ *— Hydraulic Piston

o

— Transverse Traverse Rail

- Yertical Traverse Rail
Praobe
Volume

— Beam
Expander

Collimaling

L)

Amplifiers =,

from

Oscillators®
by

Two-Component
Bragg Cell

Ralls

Figure 6. Laser velocimeter and traverse system.

piezoelectric oscillator frcciuchcies, the fringes are not stationary but move at a reference
velocity proportional to the frequency of the ultrasonic drivers. Velocities, accordingly,
are determined relative to the reference velocity so that directional ambiguity is avoided.

12
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Light scattered from particles passing through the probe volume is received by a
photomultiplier tube (PMT) through the collector optics. By viewing the probe volume
through an aperature at an off-axis collection angle, ons can vary the effective probe
volume length. The collector optics were positioned so that operation was in the
backscatter mode. The systemm had the capability to measure velocities over an axial
velocity range -250 < u < 700 ftfsec and a vertical velocity range -250 < v < 250 ft/sec,

The laser velocimeter was mounted on 2 traverse system which allowed movement of
the probe volume along any of three mutually orthogonal axes. When the flow is
traversed along the vertical diameter of the duct, the vertical fringes provide the radial
velocity of the flow field and the horizontal fringes provide the axial velocity component.
By positioning the probe volume at a point along the vertical diameter, one could
simultaneously record samples of both the axial and radial velocity components and
average these to provide axial and radial velocity moments and theW correlation at
each sampled point.

In some flows natural seeding may be adequate for acquiring laser velocimeter
measurements. However, at the temperatures in the chemically reacting flow field, not
enough natural particles survive to permit obtaining velocity measurements within a
reasonable time period. Thus, a particle seeding device was developed (Fig. 7) with which
the primary air stream was seeded. Uniform 1-p-diam particles were used in the seeder
because they should trace the fluid motion with reasonable accuracy. It is likely,
however, thai actual particle sizes larger than 1 p were encountered because of particle
agslomeration.

Two operational problems were encountered in acquiring LV data through the slot
in the cell wall. Water, formed in the combustion process, deposited on the quariz
window surface. It was necessary to shield the viewing port area with baffles and heat the
window surface during the test fo avoid condensation which could attenuate the LV
signal. In addition, the test apparatus moved slightly during testing because of thermal
expunsion, necessitating realignment of the LV with respect to the flow-field centerline at
each axidl position.

2.3 PRECISION CF MEASUREMENTS

The uncertainty of a measured parameter was determined from the bias limits and
precision indices of the instrumentation by the procedures developed in Ref. 9, Given the

bias limits and precision indices associated with the measurements necessary to define any
parameter (9), the total uncertainty in & is defined as

Uq) = i(“m LT 5¢) (2)

13
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where

Bp igl [ (_g_z_) BE‘:I ’ (3)

is the bias limit for &.

< JET@)T

i=1
is the precision indexs for . and £ is the measured parameters which define @; that is,

® - ), i=L...,N (5)

and N is the number of measured parameters that define ®. The parameter tgs is the 95
percentile point for the two-tailed student “t” distribution.

N supply Air

Figure 7. Fluidized bed seeder.
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The bias limits and precision indices of instruments vary with the magnitude of
measured quantities. Therefore, representative test conditions were selected upon which
to base the precision indices and bias limits. Uncertainties in the fundamental measured
parameters are presented in Table 1.

The instrument uncertainty of a Bragg-diffracted laser velocimeter is dependent on
the accuracy to which the fringe spacing can be determined, the stability of the crystal
oscillator used to drive the Bragg cell, and the precision to which the Doppler Data
Processor (DDP) can determine the signal period. The uncertainty in the LV fringe
spacing, AK,/K,, cvuluated as described in Ref. 10 from LV calibrations, is £0.025 for
the horizontal fringe spacing K, of 40um and *0.010 for the vertical K, of 13.4 um.
Tests of the stability ol the crystal oscillators used in these experiments indicate that the
uncertainty in the Bragg frequency (Af*/f*} is £6.66 x 10-* and £7.69 x 104 for the
horizontal and vertical measurements, respectively. A detailed study of DDP accuracy
showed that the processor used to measurc axial velocity had an accuracy (Arj) of
+0.005 nscc, whereas the DDP used for vertical velocities was accurate within £0.05 nsec.
For thesc values, Ref. 8 gives the uncertainty in the axial velocity measurements as 14
percent of the measured value at -100 ft/sec and #*3 percent at 700 ft/sec. The
uncertainty in the radial velocity measurcment is +8 percent of the measured value at 10
ft/sec and 3.5 percent at 30 ft/sec.

In using an individual realization LV, one attempts to reproduce the statistical
behavior of a continuously variable velocity by a finite number of measurements. The
results for the mean value of velocity or its standard deviation are, therefore, only
approximations 1o the true valuc of these parameters. The degree of approximation can
be evaluated in terms of statistical confidence levels (Ref. 7). It is shown in Refs. 8 and
11 that although the confidence interval for the mean velocity depends on the sample
size and turbulence intensity, the confidence interval for the measured turbulence
intensity depends, additionally. on the kurtosis of the velocity distribution. For a data set
of 1,500 samples and a 95-percent confidence level, the confidence interval for the mean
velocity in the recirculating flow field is less than 5 percent, but the confidence interval
tor the turbulence intensity is under 6.5 percent.

In addition to estimating the statistical confidence of the individual realization LV
averuages, this study censidered statistical bias (as defined in Ref, 12), Although statistical
bias might be cxpected to be high with the highly turbulent flow being measured (Ref,
13}, it has been shown (Ref. 14) that bias is diminished when the fluid density fluctuates
as it does in this hydrogen-air flow ficld. Furthermore, temporal fluctuations in the
particle number density, which are known to occur with fluidized bed seeders (Ref. 15),
can {urther diminish any statistical bias (Ref. 16). Therefore, statistical bias was expected
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Table 1. Measurement Uncertainty

Parameter Representative [ Uncertainty,*
Value of Parameter Percent of Value

Wall Statle Pressure 0.04 psig 3.0
Probe Pitot Pressure 3 peig 2.0
LV Measured Axial Velocity 100 fr/sec £3.0

I LV Meagured Axial Velocity =100 ft/sac 5.0
LY Measured Radial Velocity 30 ft/sec +3.5

] LYV Measured Radial Velocity 10 ft/mec %B.0
Hydrogen Mass Fraction 0.03 5.0

{(Nonreacting)
Hydrogen Mass Fraction 0.04 £16.0
(Reacting)
Primary Alr Mass ¥low 0.580 1bm/sec *2.0
Secondary Hydrogen Mass Flow 0.002 1bm/sec 6.0
Probe Radial Position 3 in. +5.2
Probe Axlal Position 30 in. 1.4
Laser-Raman Measured 2,000°R «10
Temperature
Laser~-Raman Measured 0.6 +25
Concentration J

*Uncertainty determined from teclmigque presented in Ref. 9.
¥

to be inconsequential in this study; however, 1o verify this expectation some data were
randomly sampled as suggested in Ref. 17. Averages of all the randomly chosen data

agreed with arithmetic averapes of the original data, and this agreement indicates that no
significant statistical bias exists.

2.4 TEST PROCEDURES

Prior to each test period thc'pressure and temperature instrumentafion were
calibrated by the application of known voltages to determine instrument response.
Calibration factors for the probe-extracted concentration instrumentation were obtained
from application of a sct of Hy-N; gas mixtures of known molecular weight. The
sensitivity of each measurement system was obtained over the range of values expected
during the test. Data other than manometer pressures were recorded on a high-speed
minicomputer data acquisition system, The impact probe pressure was also displayed on
an x-y recorder.
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Prior to each test the LV laser was adjusted to obtain the 514.5-nm spectral line:
then the Bragg cell beam splitter was balanced to obfain equal intensities in four beams.
After the adjustments were completed, the fringe spacing and orientation of the moving
fringes with respect to the jet axis were determined. A detailed discussion of the
procedure is presented in Ref. 10. A highspced minicomputer data acquisition system
was used to acquire the LV data.

To initiate the combustion process, a mixture of hydrogen and air in the test cell
was ignited at very low flow ratcs. The flows were carefully increased together to avoid
NName blowout. Conditions were set by establishing the desired flow rates of air and
hydrogen as indicated by the pressure and temperatures upstrcam of the metering
venturis. The LV and laser Raman (LR} data were taken during different test periods
from the probe data (total pressure and gas composition) so that the probe would not
perturb the flow ficld while the optical measurements were being made.

For probe data acquisition the nozzle assembly was positioned at a desired distance
from the probe. A continuous x-y plotter trace of total pressure versus radial position
was taken to guide the selection of the radial locations to record total pressure and gas
composition data. The probe was then incrementally stepped across the stream to obtain
pressure and gas composition profiles.

To obtain LV data. first the LV probe volume was positioned on the horizontal
centerline of the test cell, and then the laser velocimeter was traversed vertically to
record data at prescribed increments. Similarly, to obtain laser Raman data, the
spectrometer was first positioned on the horizontal centerline of the test cell and then
traversed vertically to record data at prescribed increments. It was necessary to realign
both the LV and the LR with respect to the duct centerline each time the nozzle
asscmbly was repositioned because of movement of the duct from thermal expansion
caused by the change in the location of the combustion region.

3.0 RESULTS AND DISCUSSION

Experimental data were obtained in a’ducted, subsonic, axisymmetric, recirculating
flow field, both with and without chemical reactions. The primary jet airflow rate was
0.580 Ibm/sec, and the secondary, outer stream, hydrogen flow rate was 0.002 lbm/sec.
These flow rates result in a fuelfair ratio (F/A) of 0.00345 ib Hi/lb air where the
stoichiometric F/A ratio is 0.025 Ib Hz/lb air. The one-dimensional velocity of the
primary and secondary streams was 335 ftfsec and 3 ftfsec. respectively, and the inlet
temperatures were nominally 60 and 100°F, respectively. The fully mixed temperatures
were nominally 65°F for the nonreactive case and 1,300°F for the reactive case. The
neminal static pressure in the exhoust duct was 13.7 psia. Measurements were made at
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axial stations from zero to six duct diameters from the primary nozzle exit plane. The
data included radiul distributions of hydrogen mass fraction., mean axial velocity, mean
radial veloctty, axial turbulence intensity, radial turbulence intensity, velocity cross
correlation, rotational temperature, air species number density. and total pressure. In
addition, the mixing duct wall static pressure disiribution was obiained. The nominal test
conditions are prescnted in Table 2, and the data are tabulated in Appendix A.

Table 2. Nominal Test Conditions

Parameter Nominal Value
F/A 0.00345 1b H2/1b air
ﬁp 0.580 lbm/sec
WE 0.002 lba/sec
PS 13.7 psia
TTp 520°w
Tys 560°R
up 335 ft/sec
ug 3 ft/sec

3.1 PRESSURE MEASUREMENTS

The axial distribution of wall static pressure is shown in Fig. B. The nonreactive
pressure distribution is typical of distributions encountercd in separated, reattached flows.
However, the static pressure rise for the reactive recirculating flow is scen to be
significantly different from the nonreactive case. The pressure distributions clearly
indicate that one significant effect that the chemical heat release has on the recirculating
flow field is to change the rate oif wall static pressure rise.

The radial distributions of total pressure are shown in Figs. 9 and 10. A comparison
of the data in the two fligures reveals that the total pressure decay is slowed by the
chemical heat addition, indicating that the effeet of the chemical reaction is to reduce
the momentum transport rate of the two coaxial streams, The shape of the total pressure
profiles also demonstrates the reduced mixing rate. For the nenreactive case, the total
pressure profile is essentially flat at X/D = 5. but for the reactive case a significantly
nonuniform profile still exists at X/D = 6,
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3.2 LASER VELOCIMETER MEASUREMENTS

Representative radial distributions of mean axial velocity, mean radial velocity, axial
turbulence intensity, radial turbulence intensity, and the velocity cross correlation are
shown in Figs. 11 through 15 both with and without chemical reaction. The velocity data
are nondimensionalized by the one-dimensional primary jet flow velocity, Up, and the
axial and radial distances are ratioed to the duct diameter and radius, respectively. Data
are presented for three representative axial locations for the purpose of clarity. The
complete data package for all axial locations is tabulated in Appendix A.

It should be noted that only the center jet flow was seeded with alumina particles.
Since the outer jet bulk velocity was low, it was thought that if only the center jet were
secded, the recirculation eddy would act to distribute the seed material throughout the
flow and provide a nearly uniform particle number density. For the case of flow without
chemical reaction, the particle number density in the outer stream was sufficient to
provide an acceptable data rate, and thus valid velocity measurements were obtained
across the entire duct. However, for the case of flow with chemical reaction, the alumina
deposited on the walls, and as a result the recirculation eddy did not distribute sufficient
sceding material across the outer stream in the region near the primary nozzle exit plane.
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Therefore, velocity measurements could not be obtained in the flow near the duct wall in
a reasonable sampling time.

The data presented in Figs. 11 through 15 show radial profiles of velocities at
representative axial locations both with and without chemical reactions to demonstrate
the effect of the chemical heat release on the parameter. It is evident from the mean
axial velocity variation (Fig. 11) that chemical heat addition broadens the radial profile
and reduces the axial velocity decay. The profiles of radial velocity (Fig. 12) also
indicate, although less dramatically, the sustained high velocity resulting from the ’
chemical reaction. The maximum value of the turbulence intensity, u'fu, and v'fup (Figs.
13 and 14), is about the same for the two cases. However, the axial location of the
maximum turbulence intensity (not shown) is reached closer to the primary nozzle exit
plane in the nonreacting case because in each case the location of the maximum
turbulence intenmsity occurs near the center of the mixing zone, which extends farther
downstream with chemical reaction. The turbulence intensity becomes essentially
constant by X/D = 4 for the nonreactive case, whereas significant ncnuniformity still
exists at X/D = 6 for the reactive case. Note by comparing the data in Figs. 12 and 14
that the magnitude of the radial turbulence intensity is much greater than the mean
radial velocity at nearly every point in the flow field. The velocity cross correlation,

lrj

w'v'fud. shown in Fig. 15, also indicates a considerable effect of chemical heat release on
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Figure 11. Radial distribution of mean axial velocity.
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the Reynolds siress field. The decay of the mean axial velocity along the duct centerline
is shown in Fig. 16. As implied from the previously presented data, the measurements
reveal that the velocity decays less rapidly in the reactive case than in the nonreactive
case. It has been noted in Ref. 18 that the velocity in reactive streams decays less rapidly
than that in comparable nonreactive streams, but a complete explanation for this
phenomenon has not been given.

Figure 17 shows the location of the locus of points of zero mean axial velocity in
the recirculating flow field, both rcactive and nonreactive. Note that the locus does not
represent the dividing streamline and in fact corresponds to the dividing sireamline at
only two points, the forwurd and rear duct wall stagnation points (Fig. 1). A comparison
of the data cleurly demonstrates the effect of the chemical heat release on the location
and extent of the recirculation- zone. The downstream reattachment point is seen to lie
between X/D = 3 and X/D = 4 for the nonreactive case and at approximately X/D = 6
for the reactive case. The result is significantly different from the results shown in Fig.
18, obtained by Schulz (Ref. 1) and Chriss (Ref. 2) on a configuration geometrically
similar but with a ratio of mixing duct to primary jet diameter of 10 as opposed to the
current diameter ratio of 2.5. The results of Schulz and Chriss indicate that the behavior
in the locution of the reaitachment point and the shape of the zero velocity locus curve
are esscntially identical for the reactive and nonreactive cases. However, the diameter
ratio 10 configuration is about the upper limit for acrospace applications. The diameter
ratio 2.5 configuration is more typical of a ramjet dump combustor.
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3.3 HYDROGEN MASS FRACTION
For the chemically reacting hydrogen-air mixture, the elemental hydrogen mass

fraction (Fy) is related to the mixture molecular weight (W) through the following
general chemical relationship:

By Fy

] 02 + ﬁhtl—FH)Nz - BA(]-"F‘H]A (6)

By substituting the appropriate molecular weights, one obtains
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- 2.167
MYy = w' —0.07481 7

The mixture molecular weight, W, was obtained from the thermal conductivity analysis
¢ell as a direct function of detector millivolt output by calibrating the apparatus using
various mixtures of hydrogen/nitrogen of known molecular weights.

The radial distributions of Fy for the nonreactive case are shown in Fig. 19. As
expected, becuuse of the mixing process, the centerline value of Fy increases and the
near-wall value decreases with increasing axial distance from the primary nozzle exit
plane. Note that no pure hydrogen was measured even close to the primary nozzle exit
plane. This should be expected since the velocity data indicate that the recirculation zone
extends all the way back to the nozzle exit plane. In addition, the low values of Fy and
the highly turbulent wvelocity field near the wall indicate that counterstream turbulent
diffusion of specics apparently causes dilution of the hydrogen stream. This result is
consistent with the results of Chriss {Ref. 2) for the diameter ratio 10 configuration.

For the recactive case, the probe-extracted samples were analyzed in an infrared
emission-absorption cell apparatus from which the water vapor partial pressure (hence
mole fraction) was directly obtained from Beer’s Law (Ref. 5). The chemical balance of
Eq. (6) demonstrates that the hydrogen mass fraction is directly related to the water
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Figure 16. Axial distribution of centerline velocity.
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vapor mole fraction. The radial distributions of Fy increase and the wall value decreases
with increasing axial distance from the primary nozzle exit plane. As before, no pure
hydrogen was measured in the flow field, again indicating that counterstream turbulent
diffusion of species apparently causes a dilution of the hydrogen stream. However, the
data indicate that the mixing is less rapid in the reactive than in the nonreactive case,
causing the dilution of the hydrogen stream to be less rapid.
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Figure 19. Radial distributions of hydrogen mass
fraction {nonreactive).
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The axial distribution of Fy along the mixing duct wall is presented in Fig. 21 for
both reactive and nonreactive cases. The data show that at the nozzle exit plane, Fy is
higher for the reactive case than for the nonreactive case. The nonreactive Fy decays
more rapidly than the reactive, indicating more rapid mixing in the nonreactive flow
field, which is consistent with the previously presented pressure and velocity data. The
data also indicate that the upstream diffusion of species extends to the primary nozzle
exit plane since Fy is less than unity in this region. This result is consistent with the
results of Chriss (Ref. 2) for the diameter ratio 10 configuration. The data also indicate
that the nonreactive Fy decays to the fully mixed value by X/D = 6 while for the
reactive data mixing is not complete at this station.
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Figure 21. Axial decay of hydrogen mass fraction at R/Rp = 1.0.

3.4 LASER-RAMAN MEASUREMENTS

Radial distributions of mean static temperature are presented in Fig. 22 for seven
axial locations in the recirculating, reacting flow field. The mean temperatures were
obtained by calculating a value of temperature for each of the 15 samples measured per
data point, and then arithmetically averaging the 15 temperatures to obtain a ‘““mean”
value. Eckbreth (Ref. 19) has presented an “ensemble’ averaging technique for reducing
laser Raman data obtained in fluctuating flow fields that yields a more realistic “‘mean”
value of a measured quantity. The data obtained in the current flow configuration will be
reduced using the Eckbreth technique, but the final data were not available for this
report. Therefore, the temperature data presented in Fig 22 should be considered to be
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Figure 22. Concluded.

preliminary with respect to absolute value although the future planned data reduction is
not expected to alter the trends shown in Fig. 22.

Similarly, the final reduction of the air specie number density data requires
extensive iferation to remove the time-dependent fluctuations and produce mean values
of concentration. Thercfore, the air specie number densities measured during the current
test program are not presented. '

The radial static temperature profile data presented in Fig. 22 are tabulated in
Appendix A. The temperature distributions are reasonable and as expected in that the
centerline temperature is low in the near field and increases with radial distance toward
the duct wall to some peak value in the turbulent recirculation zone. The radial
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temperature distribution in the far field (X/D = 6} is relatively flat at a level consistent
with the fully mixed fuel/air ratio when the heat loss to the water-cooled duct wall is
considered. Mean temperatures at the level of stoichiometric hydrogen-air combustion
{4,000°R) were not measured anywhere in the flow field, although some samples show
instantaneous temperatures in excess of 4,000°R. Examination of a typical set of fifteen
samples shows the instantaneous temperature values range between 1,250 and 4,100°R
with a mean value of 2,540°R. '

A complete explanation for the lower than expected peak temperatures is not clear
at the present time although further analysis of the fluctuaiing instantaneous temperature
data may vield some insight. The possibility exists that the relatively small number of
samples obtained per data point combined with the overly simplified averaging technique
may tend to obscure the existence of stoichiometric temperature values existing in the
flow at least on an instantaneous basis. In addition, the spatial resolution of the laser
Raman system combined with the incremental step size across the flow could result in
missing locations where higher temperatures would occur, or could result in averaging
temperatures over a large enough volume that the peak temperatures are obscured,
Additional data reduction and analysis will continue, and the final results will be
published in the near future. However, it is very clear that for future applications of a
laser Raman spectroscopy apparatus to a highly turbulent recirculating combustor flow,
sufficient test time must be allotted to permit on the order of 150 pulses per data point
to provide data of higher statistical confidence level.

35 VELOCITY CALCULATIONS: COMPARISON WITH MEASUREMENTS

The velocities measured with the laser velocimeter are compared in Fig. 23 with the
velocities calculated from the measured gas composition and pressure assuming either
equilibrium chemistry with 100-percent reaction efficiency or no reactions ({frozen
chemistry). The two assumptions about the state of the chemistry along with an
assumption of adiabatic flow allowed upper and lower limits for the velocities in the flow
ficld to bc approximated. The static pressure measured on the duct wall at the axial
location of a velocity measurement was used in the calculation along with the enthalpics
of the inlet systems. The calculation procedure is dascribed in Ref. 20 and is outlined in
Appendix B. The LV velocity data are seen generally to agree with the calculated
velocities in level and radial profile shape. In some regions of the flow. the LV-measured
velocities fall outside the limits of the two calculated velocities. This discrepancy is most
probably caused by a combination of uncertainties in the measured parameters used to
calculate the velocities. The discrepancy near the duct wall results from inaccurate
measurements of small pressure differences (0.04 to 0.06 psia) and the inability of
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Figure 23. Comparison between measured and calculated velocities
for frozen and equilibrium chemistry.

pressure measurements to indicate flow reversals. The discrepancy near the centerline
results from uncertainty in the measured hydrogen mass fraction. In general, considering
all of the data, the measured velocities approach the values calculated from the
equilibrium assumption at locations where complete chemical reactions would be
expected and with values calculated from the frozen assumption where complete
reactions would not be expected, thus indicating that the measured quantities are
generally self-consistent. It must be emphasized that the calculation technique yields only
approximate values of velocity within the limits of the assumptions presented in
Appendix B.

4.0 CONCLUSIONS

Ducted, subsenic, axisymmetric, recirculating flow experiments were conducted in a
combustor with a ratio of duct to inner nozzle diameter of 2.5. both with and without
chemical reactions occurring. A primary jet of air at a mass flow rate of 0.580 lbm/sec
was surrounded by an outer hydrogen stream at a mass flow rate of 0.002 lbm/sec.
Analysis of the data led to the following conclusions:
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Comparison of the LV-measured velocity with that calculated from
measured pressure and composition data (assuming either frozen or
equilibrium chemistry) shows that the measured velocity, pressure, and
composition data are self-consistent.

The size and location of the recirculation zone are appreciably altered by
the presence of chemical reactions. This is indicated by differences in
locus of zero mean velocity locations in the recirculating zone and the
wall static pressure distribution for the reactive and nonreactive cases. This
result is very different from the result obtained in the diameter ratio 10
configuration (Ref. 2).

The gases in a ducted, axisymmetric, reacting, recirculating flow mix more
slowly than those in a nonreactive system of the same configuration and
fuel-air ratio. The decay of concentration and velocity is less rapid, and
the radial distributions of concentration and velocity approach uniform
profiles less rapidly for the same duct length in the reacting case.

The maximum value of the turbulence intensity based on the jet exit
mean velocity, 335 ftfsec, is about the same for the reacting and
nonreacting cases, approximately 0.25. However, the location of the
maximum turbulence intensity is reached closer to the primary nozzle exit
plane in the nonreacting case because in each case the maximum
turbulence location occurs near the center of the mixing zone, which
extends farther downstream with chemical reaction. The magnitude of the
radial turbulence intensity is much greater than the mean radial velocity at
nearly every point in the flow field.

The hydrogen mass fraction, velocity, and turbulence intensity profiles
indicate that counterstream turbulent diffusion is responsible for the
dilution of the secondary hydrogen stream in the vicinity of the nozzle
exit.

Uncertainties in the laser-Raman temperature and concentration data
indicate that in future applications io a flow similar to that investigated
currently, a4 data rate on the order of 150 laser pulses per data point is
required to provide data of a high statistical confidence level,
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APPENDIX A
EXPERIMENTAL DATA

Appendix A contains a tabulation of the experimental data obtained in the present
study. The data include radial distributions of mean axial and radial velocity, axial and
radial turbulence intensity, velocity cross-correlation, hydrogen mass fraction, total
pressure, and static temperature. Data are presented for flows both with and without
chemical reactions occurring. All data are for the test conditions given in Table 2,
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LV DATA FOR X/D =0.10

R/RD

=091
=Q.38
=d.82
=D77
_°I 7‘
-‘0-65
—0463
—-DaS%
—0.48
~0.42
-0.37
=03l
~0.25
-0 l3
—0.14
-0.0%
-0.22
=202
Qa1
Q.04
0429
De15
Cadl
0. 26
.32
0.38
d.43

Us/upP

—0. 051
~Q. Q17
-2.027
—0.023
—-Qa027
-0+ 030
=0e 029
-0+ 0323
—-D+ 025
- 0e 025
Je 222
D=284%
J.581
1.33%
1. CHR
1. 0890
1,102
la 092
14092
le 091
1073
1-043
1« C09
0551
D« £E513
ds 213
-0e 045

Table A-1. Laser Velocimeter Data: Nonreacting and Reacting

v/UpP

~0s911
~0+.018
-0« 027
-0,030
-0a.040
—0.092
=0+250
_0. 067
~0s079
—0.00%
0005
-0a006
—0.002
0002
~0e033
=-0x003

0.002

0004
-J.003
-Q0.003
-0.003
~0 2000
—-2a003
-0+0140
—0.052

— REACTING —
u/up Y'/UP
O0«078
Q.072 0.0513
0.075 Q049
O«081 0048
0.075 Ja«051
QeC?7 J«050
0075 0050
0« 074 0050
0.073 0.048
De Q7S 0+056
O« 191 0.117
0.103 0050
0.086 e 045
0077 Q+044
Ca 070 0.042
QeCHG 0«03%
Qe 062 0.039
Q«.062 Qa0%l
0. 062 Ju041
0. 062 O«040
Qe 063 G030
D.072 Qs0a2
0. 081 d.046
Q. CBY J=046
0. 103 Q+050
d=190 Jelll
0-.074 0.058

AXIAL

-0.17
~—0a8S
-0.33
=040
~Dat b
—Dasa3
-0e#3
=Da51
046
-0 -45

058
-0.22
=013
=027
-0eld
—0.10
-0«07
-Dals
~D.18
—0es21
-Del1
—0=19
=025
~-0s21
-0 -2‘

0. 8%
-0 26

]
RADIAL

Q.17
006
Q.27
Oalt
0.25
025
0.35
0429
[« P X
~0a.04
0«04
-0als
-0asl4
0.03
Delil
0.06
Oal5
-0.06
=009
—0Dal9
-0.,27
-0sl 4
—0.08
—0+06
Qel2
057

K
AXIAL

2039
3«80
302
271
299
2+81
271
3202
2«85
2295
2.67
2. 73
2aT2
2+ 89
292
2293
2.91
2. 809
3.08
2:95
278
292
275
277
2.80
3el%
2.80

K
RADIAL

2261
2«50
2+94
2«94
2.78
319
J.24
335
3«40
203
Ja 24
310
2.95
3al1
315
2296
3«10
2499
279
2.80
301
309
281
288
2215
3.67

v up?
{x 1,000)

0+3435
0.7183
Q.9727
056187
G« 8651
0.9313
0.2643
6359
-0.074
0.4382\
D.1384
0-.0131
=-0.084T7
-0.0320
0.0544
0.0221
-020173
O.1148
0.0704
-0.,0412
—0.1315
-0.0553
—0.0765
—0.0363
12192
0.,1801

BL-6L-H1-203Y
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LV DATA FOR X/D =0.50

R/RD

-Das 9%
—0.88
—0- BJ
-0uT7
-Da71
—0.65
—0,.,60
- 0«54
—-0.48
—0.42
-0s37
0«31
—0.27
—-0Da19
"0- 1a
~0.08
0«02
-0.00
0.01
0.03
Qa9
Qe21
0.258
0.27
0.32
0«38
0.49%

usur

-0.052
-3+ 056
-De 099
-0+ 108
=-0.076
-0s068
-~0s024
0.033
Os 131
Da 263
Jua39
Qe 722
0«833
1.004
1. 040
14070
1072
e 071
1«073
1. 066
1. 051
04 673
Da528
0,874
0. 704
0.aT70
Qe 266

Y/UP

-0.,032
-0.038
-0e0ab
-02049
~0.0a48
-1) 2043
"0-035
-0.036
-0:024
-0.019
-0.009
-3.005
-0.003
-0«000Q
-0.000

Ges 002

0.000
~0.001
-Q0,005
~-Qe.012
=-Q0.007
=-0.00C8

Q.004

0.001

0-.015

Table A-1. Continued

— REACTING —

u'/sup v /UP
Q118

0.110 Ge.043
Qe103 0+045
O0.101 0.052
0105 0050
Oe 104 0.063
D«12% 0,080
D137 0,092
0453 0.1C7
Geal78 G120
Q+20S d.140
0203 0120
0260 0.080
0.088 0059
Ga071 g.048
0065 De0a1
0+065 DeG4D
0. 061 0082
Qe 02 0041
D063 0.041
0070 O=-082
0. 104 Q.068
0267 0.050
De 156 0093
0+ 199 Oalld
Ce220 0+140
0. 196 D145

AXIAL

—-O- 16
.05
0«30
005

-0,03
0.01
0.20
Q.07

-0.04
000

-0all

=064

-] 89

=0.52

=017

-Q.1l7

-0.21

-0.10

-0e29

-0a28

~0e.30

—0.58

~2.08

—0.96

_°I55

-0s13
0«09

5
RADIAL

Q.08
-Je01
Qall
"0- 09
O.18
0+30
017
Qa3
D01
014
-0sdd
-Q+70
=0 + 56
=0+27F
0.03
0.09
—0.06
-0el15
-0438
-De22
-0.64
-0e39
~Qe 68
—D=94
-0-17
Q.10

AXIAL

2.12
2+34
260
255
245
257
2435
2«30
2«42
2+ 31
228
2.84
4«53
336
2258
2.73
2«93
279
3«10
2.87
293
3.38
H.25
3«17
2275
2«47
2248

K
RADIAL

2.92
2«92
2«90
2+5%
2«62
2.48
229
210
2«22
2=15
263
3.53
3.a7
3«18
2«81
3a44
3.29
2+99
3.51
3.00
3.680
291
2+.97
2.78
20106
2+11

UV sup?
= 1,000)

01771
03581
0.3848
023782
0.0703
1.3901
17159
015405
-0+1520
2. 3819
leball
-Q0.4851
Oal1443
1. 0055
—0.0792
0e 1065
—0.0415
0.0186
00,0662
0.0423
0.,0207
02929
0,8131
14553
1.5854
d.T221

64-6£-H41-203Y
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L ¥ DATA FOR X/D - Lo0

R/RD

-0.93
—-0.88
—0e82
=0« 15
—0e71
—0.65
~Da39
—0e53
Qs 4
—0e82
-O. -‘6
"0-31
D24
-0a19
~0+13
-50.08
=0eJ2
0. 00
D22
G4
0=10
0.16
%.21
Oa27
0.32
OIJB
0+.44

u/up

-0.12%2

=0.17F

=04 141
-3 073
-Oe 029
Da084
O k23
‘0.202
Ce 280
d. 385
da501
Qe640
0. 807
0+931
0. 392
fe04a1
1« 058
1354
1. 051
ledar
1913
GaS61
0. 894
Q. 760
0.582
O. %27
Je 353

Y/Up

—0.013
-0 017
=-0asa210
0i004
Q0.015
Qs014
G024
Q.017
D.021
0« D06
-~0-005
0. 005
0.004
G+001
-0.002
-0.001
=000
04002
d.004
-0 .00l
-0.014
-0 .+0Q9
-0.008
0.008
D«Q10
0a.012

Table A-1.
— REACTING —

W up v up
0+100

Oul1l16 0.073
0.131 0.083
CalG6 0,094
De«178 O.114
Q0+210 0125
O« 198 24132
0.199 JelAS
O0»191 Osla2
0.203 Je142
D216 0,150
D214 0a.129
Ca19C 0.120
Q. 150 0.098
Qall? J:074%
0.092 Q.062
Q.C7a 0+0533
0.076 0.053
0077 02057
0.077 0055
C-098 0.063
0el132 N«090
O0.168 O«103
Ce 206 0,127
0« 240 J.138
D217 0.146
0s20% D144

Continued

AXIAL

Da41
0.73
0.5%9
Dedt
0.39
Q04
—0.23
=028
-0.13
Q.07
=006
-Qe32
-Q0.68
=100
=110
=0.9%
=D.42
~0.50
“~0ed6
—0.38
~0 s
—1.22
—0.84
—0.59
—0-29
-0.04
=0.07

5
RADIAL

Q=56
Del2é
0e22
0«35
0=21
Oull
D04
0a.00
0.02
-De 08
—0as32
—0e47
=063
“0-5'
a4 4
—0a32
004
0,00
Qall
-0s32
=0 a85
-Qa56
~0s306
-0a23
-0ull
0.03

K
AXIAL

3.23
3.61
2491
2435
2032
Z2+34
2a01
2+65
2«77
2.63
2230
245
297
396
a4 TT
4469
3.84
3.60
3.3
3.07
4.17
Gua
.45
2eT1
2-34
280
279

K
RADIAL

3.44
249
2a.38
263
2+28
2«22
2431
223
2«20
2«19
24486
3.08
3«53
3e4S
379
3«07
3. 14
350
3«57
327
3,73
3a.01
264
2a46
228
2a24

TV ue?
(x 1,000)

0+2636
la2541
229167
2+2206
2.5910
347087
l1+5810
0212t
16317
2.0426
1.3834
2+2246
11153
0-3503
~0.0638
-0.0827
-0«.1009
0«2158
-0.Q045
-0.2780
D.4286
0a71l41
0« 3200
La9T25
2=0781
22371

B£-64-H1-2Q3V
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LY DATA FOR X/D = 2,00

R/RD usup V/uP
033 =0 105
-0a.88 —0De 066 0006
-0e32 -0.040 0.008
=0 76 0.029 0.015
-0.71 04080 0.033
=0.65 0« 119 0027
=0e59 0. 188 Na024
-0.53 04 237 Qe 034
=043 O0a 291 0.026
—0.42 J« 369 04025
-0, 36 O« 449 0.016
=030 Qs 524 0.010
-0« 25 0.595 0005
-0:19 0.676 QG.0048
-0a13 0a749 -0.902
-0.08 0« 209 =-0.000
-0s02 0. 836 -0.008
0.00 D.837 —0.003
0«02 0.842 d-4096&
004 C. 830 —0.001
010 Q0w EOQS =-0.001
0.15 0.694 0.002
Da21 0637 0.004
Q.27 0.551 0.008
0.32 0« 48E 0.027
0«33 0.404 Ge.019
0.84 Qe«318 0.032

Table A-1. Continued

— REACTING —

W/ up Y'/Up
0.139

0. 156 D.111
0ul161 0.119
0«.181 0«.L26
0.202 0138
Q=199 D.la2
0.202 0.151
d.208 d.155
QO.225 D153
Oe227 0,152
0231 Q0153
Qa222 Q147
0.234 Qel152
D« 229 Oe145
D216 0.138
0. 205 0.132
0«208 G.133
0196 D.1356
0.201 0130
0+ 199 De.129
0.216 Del29
0.268 Oslad
0.235 Geala9
0=240 G.153
0.230 0.154
0.232 Dal151
0.233 Ne162

AXIAL

D.57
D54
0+40
D26
D11

D03
-0a.12
~-0.08
~0.21
"°l°7
-0=11
—~De18
=023
~0a33
-0.54
-0+66
—0.72
~0.63
=075
~0- 886
—0a75
~0as539
—0a32
=023
~Qald
—0es13
-0al3

§
RADIAL

045
024

Q.22

Oula

Q.01
-0a05
-0.07
—D«ll
-0 09
0«13
=010
-Dslé
-0a27
-0l 3
—009
=04+06
~0el3
—0e11
—0a00
-Qsl7
-0.22
=020
=-0.14
-Galb
-Da07

0.00

K
AXIAL

2«80
2:65
2440
Z2e4b
2«32
2435
2443
257
2.T1
2e63
2465
263
2+54
229
2460
2442
2«84
2«88
2+:94
323
3.04
2951
258
2+40
253
262
2452

K
RADIAL

27T
2439
2423
223
226
2=11

2«34
231

2222
2.34
2«83
2254
2.50
2e41

2452
2«66
2482
2.69
2+565
257
2252
256
2441

2:32
220
2225

Uvrupre
{x 1,000)

241598
1+8573
228029
3.5032
4,4311
3.1670
3.0781
37844
092602
J.06411
3+.5611
D.8802
le65228
0.8189
0.4533
O«3421
Q0.9437
Qel 956
0«9736
08513
QeH448
1.9608
33750
249732
3e«2143
3.6032

6L-6L-H1-D03v
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LY DATA FOR X/D =3.01

R/RD

—=0.9%
=093
= 0e90
-005
— 0«38
~-0.+A2
-0«A0
—0.77
=3« 76
=De71
=070
-0.65
—0.6%
=059
—059
~0e 9%
—0.+53
—0.44
-0.4a2
—0.42
—0a 35
—0a 3l
—0e31

usup

Ja01l4
Da G258
0,012
2a.049
Q=032
0« 063
Qe 067
Je Q75
Del21
D125
Qe ila
0. 165
0s 154
O 199
Ou 194
0« 220
0. 228
0.253
Q= 206
0.202
De 332
0.422
0.376

V/UP

—0.006
O.008B
0sQ02
Ga21

—Qs002
0.009
0.015
0.025
0.0186
0.031
Q.026
0.034
0030
0.023
0.032
0.032
0.026
0.028
D.021
0.022
Q«219

Table A-1. Continued

— REACTING —

u‘sup v/up
0.098

Qe 146

04143 0.069
0.146 0.101
0. 150 0.084
Ve l&T 0.121
0.151 0.084
De L61 0.102
Q.168 0.121
0.158 Del33
0.170 0a111
0. 173 0el20
0.167 0a137
0e 175 2.1 21
Cel71 0.139
0al7a 0120
0. 178 0.183
O 174 D.144
0.207 o116
0. 194 D.153
0. 156 val51
0.1G7 fa111
0.165 0.149

AXIAL

0«24
Oul?
0.35
U.21
D23
D25
0.23
0«25
Q.29
0,04
007
0+09
0«18
—0.10
Q.07
=006
0.07
0«05
D07
0.16
0«01
0401
003

3
RADIAL

Qe85
0=30
Dud?2
025
011
0409
0«19
006
Q=26
016
D13
~Jell
.06
0.01
=005
-0«09
001
000
-0:10
0«06

K
AXIAL

232
2249
2431
2aS7?7
2e81
2«64
2-37
2«83
2480
2+45
238
2462
2et51
2+54
2«82
234
275
2atady
2455
2«57
22561
252
2+60

K
RADIAL

2.68
24T
2+88
2«37
2«32
2021
2.26
2429
2+ 31
2022
2+26
2026
2436
2+ 25
225
228
2.28
2+04
2.23
2233
2+38

u'vrupe
(x 1,000}

11924
0-.2383
19580
L5199
23650
4.0634
09903
2«5259
324079
4.35%1
2«5806
4= 16756
2+2521
3.6437
la2262
0.4095
4.1729
2:3130
202349
3.9678
-0+0961

64-6L-H1-003V



Ly

LY DATA FOR X/D = 3.01

R/RD

-Qa25
-Ds19
-0a419
-0.13
—O- aa
-0,08
=0.02
-0402
0400
=04 00
Da02
004
Q=10
Qe 14
D.15
0. 19
0a21
026
Q.32
De 37
D.38
[y T2

u/up

O« 802
0.500
De44?2
O« 459
0.529
Q. 486
0. 097
0551
Q.485
0+556
Q.45%
Q.472
D477
0«495
O0«a413
0.47)
Os a1l
04393
0+ 366
1. 348
0,322
0. 272

v/Up

0219
0.024
0.018
Qa0l1l2
0.001
0001
0.004
0.009
-0-008
0.004
-0.002
0.004
0.010
Q.008
0.013
O:015
0.015
0032
O.044
0035
O0-Cé5
0,050

Table A-1. Continued

— REACTING —
u‘sup vi/up
0.202 04155
Qs 205 ds128
0.1%7 0al160
Q192 JalSE
0.187 Qell?
Qs 167 0+153
0a.194 24157
Ca200 0«.108
Q.191 D2153
0.200 Qa111
O«204 0152

. O« 198 0156
D199 0152
D« 186 0.1t06
0201 Delé9
0.193 Ds118
Q4192 J«148
O« 198 Dalfsb
GCa 139 da151
Qs 186 0.1195
0.193 0-14T7
0195 Gs143

AXIAL

[+ ¥
=0al7
0.06
-0-01
—0e22
005
0.06
=025
0.08
—De35
009
0.0%
001
-0+0%
=-0.02
0.08
de07
Qell
0.05
D07
0«00
Oela

5
RADIAL

-0+06
0.01
008
0«04

~0«25

-0.03

=002
Qa04

-0.04

—0a.19
O.10
0.03
0.05

—0.00
O.10

-0a02
0.12
003
0,08
D09

~0«05
0«04

AXIAL

262
2040
2482
245
2+24
2246
247
242
2.53
2.75
24586
2:49
2450
2026
2.70
2a41
272
2481
258
2Zedl
2+.84
2«71

K
RADIAL

2.38
2«28
227
2.38
268
2+.40
2432
2458
247
2989
2432
2.33
2048
2:16
2+34
2e81l
2«01
233
2433
238
2230
216

Uvsup?
(x 1,000)

027020
43924
L5713
0+ 9545
1.0845
00,0725
-1s41223
1.1402
-0.2604%
1.5671
0.9000
-De7112
-0a.56123
2.0802
184803
217756
Q56568
0.2280
03163
26041
052356
26802

6L-6{-HL1-203V



8

LY DATA FOR X/D -4.01

R/RD

=095
=-0+90
=0a 848
=0a 36
—0.82
—0.76A
=076
=-0e 71
=Qs 71
-2s60
—0165
~=Q«60
-0a57
=053
—0.513
—0ents
—Qear
042
-Da 4?
—0035
~J. 36
=03t
-0 30
—0.2%
-0+ 25
~0.19

u/up

Owlls
O 124
Os 141
Oe 134
Oelal
Je 143
0. 157
Be 66
Je 156
De k77
O« LES
[ ]
O« 191
Qs 205
Qs 200
Ow 213
0. 211
Qe 219
Qe 229
D237
NDe 239
0= 259
O 283
Je2b3
O« 269
Qe ET2

v/UP

G007

Q.012
0.006
0.0'6
Dev28
0.015
0.029
D12
0.031
DeOCY
0026
0.015
0027
0013
0.013
0.020
Q015
0.022
0020
Q+015
0.C10
0.018
0.007

— REACTING —
u'/up ¥'/UP
0,103
Cal07
0.098 0.077
0s.100
Cel0D2 0.079
Cal04 Q77
Ce106 0.089
O« 106 0.094
0el15 0,033
Oelld 0.096
0114 0.038
0114 D103
0«124 0.083
OsllB c.107.
0.123 J.0Q8S
N-121 J.1L05
0el27 3,049
0.128 0.093
0127 0.103
Qal?? 0.092
Cal?1 Oe11l1
D«125 J.119
0.127 0.094
0.131 0.095
G132 Oe.113
C.130 Oel13

Tahle A-1. Continued

AXIAL

0.24%
020
0.33
0.38
003
Oal
020
023
C.lB
0«19
N.2%
D.25
0.33
0«16
0«10
0,23
023
0.33
037
Qel9
0.27
0.09
Qa3
0.21
0es23

s
RADIAL

0«42
0a.27
017
O.18
Q.23
Qe23
Oe14
D12
0.04
Qala
0e21
Dal6
0.27
D23
0«21
Oell
0.20
-0.07
0.23
0409
0.02
Q.13

K
AXIAL

3«59
2«87
3u23
2.99
3.02
2«44
2= 86
2«89
Z2a74d
2.71
2«11
2+88
2+.68
3.17
2058
2472
284
206
279
2885
2280
269
2285
2273
2497

K
RADIAL

24,31
2453
2abl
2+65
2+ 5%
2.59
2.48
2465
2«36
2456
2«53
2452
2+59
269
2+35
24590
2450
2.67
2.484
2.599
2.53
2a88

U v up?
{x 1,000)

-0.1333

0.2871
0.2092
-0.1668
Q0:.24T79
0.0438
C.5678
0.2266
=0«1070
0.8261
O.1100
0.8239
03221
—0.,0120
DeTETA
DeS128
0+.0540
O«3241
-D.5854
04096
0.5407
0.5527
0.86%99

6£-6L-4W1-2Q03V



6t

LY DATA FOR X/D =401

R/RD

-2 19
=-0s13
=Je13
—-Qs 08
0«07
-0 J?.
-0.02
-Qa=02
Os00
Jedd
002
0.0%
D7
0a10
0«13
Q0«15
0,19
0«21
0«25
027
0430
0. 30
D33
0.36
De 39
02
Qx84

U/UP

J« 276
0s282
0277
0.285
O« 281
Qe 285
Qe+ 287
Qe 273
Q0s294
Qe 272
Qe 282
Je?2
0. 282
Q277
Je 268
0. 2010
Je 2653
0s 261
0. 2519
Je 256
Je 2421
Je 2448
D« 288
D235
Q. 227
0.219
O« 119

Y/UP

g=011
0006
D«01Ll0O
Q.C0a%
0.010
-0=000Q
-0e.002
=0.004
-0000
-0.003
Q002
0.005
D006
0012
0005
0.013
0e903
Qs 015
0,016
0+017
0«015
G008
0.026
D027
0.025
0.01%

Table A-1. Continued

— REACTING -
u'sup v'sup
0.133 2095
0.131 =106
0. 136 Q.100
CelZ28 Y095
G128 J=116
D133 J«093
0. 132 Del 13
0130 JeI'11
Oe 135 0.090
0«128 J.115
Ja130 J«094
Ces 130 Jelll
Qa132 J.054
U«135 Ga110
Qs 130 Je 0986
G« 130 JellH
Cs130 Je 092
0129 Delll
Q.120 0093
0.128 Ges108
0,125 0.094
0-122 J.039
0.132 0as109
0.119 046
Gel126 Dal 0%
0.122 2.091
De CO99

AXIAL

D24
0«20
Qa26
Qe27
D29
De24
0.22
D27
0.30
021
0271
0«27
0e30
Q.22
Q.22
0e27
0.20
0«31
De21
Nae29
030
Oa26
D26
D+29
De26
Qe22
Quld

s
RADIAL

-0.03
0.01
—0e02
-0+05
002
0.07
-0« 05
O-.04
0006
011
~0.03
0«05
D«06
=-0s02
=025
—0e16
ND«04
0.07
Qald
0,09
0.06
0.03
003
D26
0«12
0.15

AXIAL

2,75
280
2467
2462
2.91
274
2287
3. 07
24485
2«60
2«74
2«93
2.856
239
271
2.83
279
3. 15
2+71
2+ 496
2=THB
2.69
255
2.82
2.73
2a76

K
RADIAL

2:45
2+40
2453
250
2+8%
2.58
2+53
2+53
Z2eH?
262
262
2951

2.48
Z+56
2+54
2.97
2.45
2.87
272
255
253
2:06
2:51

257
257

2eb2

UWvuﬁ
(= 1,000)

O«4482
0.2786
0.0218
-0.1972
04385
~023597
-0.0640
0+5537
Qe LTOS
-0.5570
—0«1533
0.4021
05559
—-0.2287
0+2562
=0.,2819
—0.2263
01501
0+3656
0+6400
De 3709
D.T251
D.4845
D538%
02923

6L-6L-"H1-003Y¥



0s

LY DATA FOR %/D=5.01

R/RD

—0+93
"0-93
‘-0-3\"
—0.89
=082
—0.82
-o. 73
—0a76
—0a.74
-0a.71
~0+68
~0alaS
—0a62
-0e39
-04+56
=0s53
—0-5!
—0448
=-0+45
—0.42
~039
-Ja37
=04 34
=031
=Ds 28
—De24
-0a«23

usup

Qe 152
04137
Q=144
Q. 152
0. 137
0s13%
Da 150
De 165
D.14]
0. 158
Qa l46
QalBl
0+ 1548
D« 165
0. 155
0.178
O« 157
0+180
2« 162
Qe i7o
O 169
Qe l76
D+ 167
Qe 175
Ds181
0. 181
0176

Y/UP

0.071

0=CC4
—0.0u0
0,003
~0.001
0.001
0.002
0.003
G.003
G007
D+006
OD«008
0.005
0.005
0.007
0.008
0007
0.005
=C,000
0e007
0.007
0.005
0007
0«004
0.007

Table A-1. Continued

— REACTING —
u'/up vi/up
O« 100 Del66
D072
Ds076 D029
Qe 074 J+ 045
0071 0.031
0.073 0,051
0.077 0.038
C.CEB 0+055
0.071 0a042
0« 074 3058
Q.073 Q.082
0.075 0.060
0. 081 0.051
O0.L074 0061
0,078 3.051
0. 088 0«.065
Q. 077 0053
0,090 Ja065
d.,078 0.053
0.082 4067
0.07S 0056
D 07T 0.067
. 086 0.057
DeQ?77 0+ 066
Q«083 0.057
0080 d«069
O« 078 2.058

AXIAL

-0.07
O.14

-0,05
0«32
0.36
027
Q.27
0«80
0«20
0-34%
0.07
0.27¢
d«13
030
0-.28
Qb6
0.21
0.62
Q.10
0.33
Q.11
0.22
0,49
0.33
0«26
021
CelT

5
RADIAL

Ge70

De19
0227
Del?7
0.37
007
025
=009
0«17
0a15
Q.18
-0.08
030
0«17
Q+20
OCel s
021
O.10
01t
0.10
0«08
-O-OI
De 20
—0-0!
D-02
=-0es01

K
AXIAL

2=14
2285
2ab2
2+ 94
2+80
2.78
4«30
2.58
2.87
257
2= 82
2255
2.84
2.68
408
275
383
2«93
JalBd
260
2094
3«05
2.7T7
Zeld
2496
259

K
RADIAL

-

2.79

2253
2s80
2407
2.89
2.06
296
283
3.00
2+25
2u.65
2230
2286
2.26
2261

2.42
2481

2.72
2.566
2.35
2.77
2.92
2.73
2+.56
2«69
2e24

u'vsup?
(= 1,000)

4.2182

0.2518
-0.,0794
0.3103
~0.0418
J0.2062
0.2015
0.2779
~0+0467
04.3007
0.0579
0.5630
=0.0153
0.4070
-0.037S
De1760
-01087
0.1726
-0.02%52
3.0335
0+2443
D+2358
0.07TAH
0.5919
—0.0364
0. 0449

64-6L-HL-20Q3Y



Is

LV DATA FOR X/D =35.01

R/RD

-0a.19
Dl
-0at3
-0a.11
-0,08
-0.05
-0a.02
-0 20
0s01
Q.02
0.03
Q.08
Qs 05
Qald
0«10
0.15
d.15
Q.21
0+22
Da27
0.28
De32
8.33
0«38
0«39
Q.28
Oasds

u/upP

e 1E3
U« 181
e 178
G142
3. 183
0« 187
Je 182
D« 184
0. 185
0. 182
Oe 173
Ca 189
D 177
O« 182
0,130
01380
Qe 175
O« 181
Qe173
Qs 173
D. 169
0. 175
0. 167
De 167
0159
U« 141
0153

v/UupP

—0.000
Os0L1
-0=000
0.004
0001
=0«000
0,003
Q001
0«000
0.005
0« 006
0+002
-0.003
0.003
-0001
0005
0.005
0.007
0.003
0.0C7
0,210
0.009
0009
0.009
0.006

0.007

Table A-1. Continued

— REACTING —
u'/up v'/UP
QaC79 Q0.066
0.0486 2+060
0.C3al 0.069
0.08S Q.0861
D. 078 Q.068
D.CAa} 0.057
Q0.082 0. 068
0078 0.068
0,087 0057
0.078 0.067
0.078 D057
0.080 0.069
0. 079 Q0.083
0.078 Q067
0.024 0+053
0.079 0.066
0074 Q.0%59
Qe LT3 0.065
0.078 0+057
e 077 3067
Q. 07G 0.057
0.078 0.069
@.075 0.057
0« 076 0067
0.C072 0.+053
0.070
0,072 0«087

AXIAL

0«27
Oel4
Q0-27
013
De%1
Je21
0«26
021
0.21
030
0.09
027
037
026
O.28
0.19
017
O« 2
0«15
0.28
D.25
036
el 2
031
Q.23
0,33
D.26

§
RADIAL

0.06
-0.00
O«ld
-3.07
Q.03
-0.03
=-0+09
D«10
0.0S
002
=000
Dl
Q.22
Os=11
0«14
-0.03
-0.02
012
023
0«09
0«16
0,07
020
0405
0«20

0.08

AXIAL

306
2464
2«97
2.89
3=406
2462
2«74
289
2.62
290
2457
296
357
2.87
2«73
267
2.96
3.+ 30
2= 80
3.00
2298
3.13
2.65
3.06
2.81
3.03
2+50

K
RADIAL

270
235
2459
2eb
24066
2e81
Qe6T
282
2«78
2.65
2.38
270
2451
2.77
2+31
2.70
2432
2eTH
2.57
2695
270
292
2«48
2«88
2+46

2«11

I
{= 1,000}

0.0659
-0.0624
-0 0492

0.3867
-0.0601

0D.2052
-Qe17T72
-0s17483
-0.0018
-0.1521
=J.067T1
-0:0259

0«.190T

D.2111

Re2637

Os1363
-0e1719

O.16560
-0.2554
-0.0870
—0.0958
-0.0327

01265
-0.0513

0-.1002

0.1178

8L 64-H1-2d3V



(43

LV DATA FOR X/D - 6.01

R/RD

—0.94
-84
—0.81
-0a TG
-D. Fo
—0e455
—0e/BQ
=02 9%
-Q0.48
—0.%2
—0. 36
-0a31
-0+ 25
-Ualiy
-0ai3
-3.0’
e 0
Ded2
0a.04
0ald
DelS
Da?l
D27
Da32
033
G048

us/upP

Je 135
Q149
QJala4
De 149
0153
Oa 152
Qs 150
Oe 149
de LS50
Ja 145
Qe 148
O« 149
Oa144
Os 149
0.147
Oe 1945
Qe 152
0+151
%7+ 15)
Ja 149
da 1886
Jas 144
O 142
J= 147
Q. 151
Jda 129

v/up

O.L1
=0«001
-0-002
-D-OOI

0aGOl

0.001

0.0401

Q.0C2

0.001

Q.003

Q=001

0.9202

U000
={U.000

Q0.004
=0.001

0.001

0.001

0.00Q0

0.003

0002

Q0.000

0.001

D002

Tahle A-1. Continued

- REACTING —
uw'sup v sup
0.054 0065
O 008 G«030
Q055 Js033
0. 098 Q030
0. 056 0.038
0. 053 0.040
0.C54 J«041
U. 055 0+.043
0.056 O.043
0:054 Q.043
0+ 054 D.044
NDe 056 0+045
0. 354 Q0456
0.057 0084
0«.054 0047
0. 053 0.060
0.0%3 D049
Qe 354 0.0483
0.053 0041
0. 055 0x043
B.C51 0.041
ds 051 0.043
Ce D52 Jas041
Qe 051 0,040
0. 052 J.041
0. 055

AXIAL

~0a25
Cel @
0.16
0«30
Qa23
0.24
Da12
De22
Osld
015
027
Gelb
C.13
G.138
0.26
O«l18
0«27
Q10
D=18
Dal4a
0.09
0a.08
-0.06
0.23

H
RADIAL

"0.72
Q.18
[+ -1
0.19
Gel18
003
Oala
Cwl2
el

021

-0.01
D04

-Ja03
0«04
0=07
La37
Oel2

-0«00
Q=05
G+06
0.10
0,03
Gel7
OelZa
0e21

K
AXIAL

2+:06
3e14
297
3.10
2+90
=14
2«90
315
J.12
287
3.07
3.26
309
304
2295
Jel®9
276
279
278
2276
268
2e62
297

RADIAL

3«88
314
Jed6
313
296
3.16
2.87
287
2273
277
22493
2.71
2eH7
254
2«90
12«41
2506
2ea7
P 1t
2426
2043
24T
2ed2
2«31
2430

Uvup?
(= 1,000)

~0. 7618
01265
0.0155
0,003
0.0207

-0.0403
00095
0.0203
D.1544

-0.097%

-0aD411
O.1087
0.,0319

-0.0501
0.02861
0.0284%

-0«0522
00547

=0.0128

=-0.0033
00,0530

-Q=.0706
00679

-0, 1466

6L-64-H1-2Q03V



133

LY DATA FOR X/ -0.10

R/RD

-0q 35
-—G-S)
~Qu24
=-0al3
~0.13
-0.08
~0.02
0.24
Q.06
Q.07
D« 03
Oa 1'3
0sl6
0«21
0.27
Ds43
0.338

u/up

Ne 7159
0.962
1.014
1.079
1107
1.€C93
l« 098
1119
1097
i.111
1096
1100
le 053
1020
0.577
Jde 891
Qe 7490

v/UpP

Q.015
0002
Q0001
O=.004
G.005
QeC02
-C.000
-0.021
-0.001
0,031
-0.003
-040023
-0a.002
-0.002
-0.005
G.002
CeGO9

Table A-1.

— NONREACTING -
U'suUp v'/up
0.125 3« 064
C.109Q De0a9
D.113 Be044
0.074 0s040
Qe QL7 0046
0.113 0aD37
G.106 0,038
0057 0.037
0060 U.038
0.065 0.037
0.063 32039
D« 055 0.039
00728 G031
0,077 0.082
0. 088 0.045
Gs 0G4 0s044
0=123 J« 054

Continued

AXIAL

-0.01
=-0a21
—1.10
=0=31
-0-26
-2:17
-2.07
=009
-0a10
=025
~Ga20
-0el5
-Da«30
=0e22
-0al7
-0.19
-0+18

H]
RADIAL

—0D.46
—Da«14
-0e11
=019
-Cs 14
—0.05
Q12
—-0.08
—D-IO
-0.13
=013
-0.07
-0.13
—0.14
-0a18

013
-G .29

K
AX|AL

273
2.78
500
2.91
3+15
Q.13
8,48
304
2.75
3+ 049
300
292
3.14
2«87
260
2«70
293

K
RADIAL

3.19
280
2.T2
2295
279
296
2«08
317
2«35
2234
da 37
3405
277
c+T0
2.72
2455
3«34

U v7uUp?
{= 1,000)

Qe1752
0.1815
0.1836
0« 1067
D-1193
De0817
0+0615
D.0784
-0.0009
—0.0438
~0.0371
—-0.056%9
D+ 0925
~D«0261
Q.0187
0.0837
0.3397

64-6L-HL-203Y



123

LY DATA FOR X/D = 0.50

R/RD

—DudB
"'0.40
-°c35
-Da23
-0.24
-0al7
—0a12
-0as06
=-0.00
0405
Q.07
009
Gall
Dal?
Q0«23
Ge 28
0. 34
.40
0«45
Da«51

usup

De543
Oe?733
Ce BES
0e 558
[« CO7
1071
I« 097
1-112
1131
1123
la 13
la 307
14065

la 016

Qe 571
0.901
0«789
05946
0. 340

v/UpP

0.100
Q.C70
0.034
0.005
=0 .0006
Ca003
0.000
—0.001
0.000
—0.000
0.000
—0.000
~0.005
—04001
0.001
D011
0.033
0.059
QeQ61

— NONREACTING —
u'/upP Y'/UP
Oul68 24095
O. 144 d.072
Ja lO5 0.048
0093 0.048
Q0+ 085 J+0488
0. 073 d.082
Qe067 0.039
O 061 0.037
0. 060 0.037
De 066 0036
0. 062 Q.038
Ce 065 0039
0070 Q040
0.078 0.0a2
0. 081 0« 086
C« Q90 Q0049
0.094 0.049
D0a125 0.072
Q.184% Qo112
Q238 Jel30

Table A-1. Continued

AXIAL

=052
—0.70
-0.38
—0e3D
~0+28
-0D.21
—0426
—0.22
—Ds30
D24
—~0427
—0.23
—0419
"0.31
-0e24
~De28
-0=13
-0-59
-0.53
-0asdl

5
RADIAL

~085
=0.90
=Q0.38
-0a29
=021
=0a 10
-0.23
-0.,18
=0ai13
-0.01

0.00
-0 Q09
-0.18
-0«13
-0s.14
-0.08
—0a 04
-0a99
~0.87
-0-56

K
AXIAL

2.87
3+:48
328
2.87
2«84
2495
Ja02
3.4
3.07
277
3.03
3.13
293
299
2a82
2279
3.46
2+ 86
2472

K
RADIAL

357
4.03
3.33
2.92
3.01
2«90
295

3.09 -

2.92
3.08
2«34
J.14
3.29
275
3.12
2.88
3+ 08
4+41
342
2439

UV /upt
{x 1,000)

la81564
QaIe0T
0.4877
0.2531
O.113%9
Ga1326
0.1052
0+0031
-0« 03295
0-.0356
0.0358
0e«0488
-040969
00332
0.Q716
Gal276
-0«13T7%
0a3343
06287
19491

64-64-H1-DQ3V
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Lv DATA FOR X/D = 1,00

R/RD

-Q0a2
—0053
—Q0e52
~0s &l
—-0e81
—04 30
—0s29
-0«18
—-0e18
-0.07
~0s07
001
0=03
0405
003
Ge 09
0«16
Ds16
0.27
D.28
0a39
0«39
039
d4.39
D485

usupP

J«4aQ8
Oe 592
JeSGT
0«831
Ca BOO
Ce 590
0«4559%
1.083
1040
1« L39
1.097
le 121
le 1567
1. 139
1= 0949
1. 131
1« 0B9
L=0&T
1.003
O« 960
0.834
L+ IS 7‘5
0. 748
D« 724
G S17

v/ue

O.062
0040
0085
D« D24
Qe047
Q0-.013
D«.023
-0.00G1
0002
-0.002
~Q.007
0.003
Q.003
=0« CO1
0.000
—-0.000
-0.002
0« 005
0.008
G030
0.023
0.023
0.040
0,070

Table A-1. Continued

= NONREACTING —
u‘sup v /UP
0.225 0s121
Q. 221 0.1 09
Qe 177 Oell?
Csla9 0075
Ce 128 0.081
Q082 G046
0« 084 0.050
D077 D0«043
O« 083 JaQaa
0+ 062 0.036
0.0T8 0053
CaO7C 0.950
Ge 0659 0.039
Oe0Ob1 0.038
G« CT71 Ga052
0063 0=039
0-07& 0.040
D081 0048
0« 0853 047
0. 097 0«0548
0«138 0.068
0. 003 0001
0+003 0.001
0176 Ge 064
De227 0«09S

AXIAL

=0u6T
=090
~0.83
—-0a94
~0.86
-0-06
=0.18
=0.18
—0a24
-0.22
=-Ca32
=0.20
-0a3a
=0.21
-0.29
-0e32
-Qa.21
-~0.25
—0-18
-0e21
~0.73
D.213
0a.l3
D72
045

1)
RADIAL

_0067
—0a75
Q73
-0e99
-0.78
=Da23
~Qa«17
-0.18
—0.07
-0.08
=000
011
-0.21
-0 .06
-0.07
-0«07
0.02
017
-Qel2
-0.18
—0.47
0.15
0,22
-0.32
~Qa23

K
AXIAL

3.09
Jedl
3.62
d.87
4.01
282
2.87
2.73
2.82
2e78
284
2.91
3.42
3.09
2«72
3.03
2279
274
2+84
302
Jea9
1.98
200
3.12
2.63

K
RADIAL

2aTS
3.2%
3.25
.47
3.93
3.13
3. 156
3.03
2.81
2a71
2.74
2+98
3.18
2367
3403
3.18
283
2.87
3a.16
2.,96
J.35
2«11
2408
2.56
2. 37

u—"'—. V'/UPz
{x 1,000)

0.700%
1.5616
L.0864
0.9949
02503
0«.1138
-s02412
0+1947
0.0497
—-D.0872
040559
-~De2354
-3.,0532
0.0241
0.,0152
00166
~0«0658
Q0.4T707
0,0576
06576
D.B969
~-0.0004
_0-0002
18093
0.3804

6L-6L-d41-003Y
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LY DATA FOR X/D = 2.00

R/RD

—04373
-0 ro
=04 72
-0s07T
~0aal
-0« 53
-0459
-0a44
-0a33
-0s33
~-0s27
-Qe21
-0s15
-Das10
~De08
0.02
0+05%
D05
0«37
Del3
Je LD
0423
0.+ 30
Ga37
Ds42
Jda &t

UsUFP

=-0e07%
J« 08T
De206
Q.22213
Jda a3
BeS533
0. 668
0. 7R2
QaB74
D535
0,575
1L.010
1033
1= 056
L. CT7
te OB 2
le 065
L« 065
L+ 055
Le Q15
De G995
Qe 522
0. B45
Qe 7640
DJe €22

v/UP

0.01a
0,029
Qeav3y
0.039
0«036
Qe J40
V31
0.024
O=C19
C.01%
G.013
0.006
D+ 006
O.004
O.008
-0 006
0.000
-0 ..001
0.001
0.003
Q=00%
Q0016
Q.028
04,033
a.03z

Table A-1. Continued

— NONREACTING —
U'/UpP v/up
O« 148 0095
Ds214 Daliyg
Qe213 0.127
Qe23a Ja=l34
Ga221 Os127
0s211 o120
Qs 1S5 J.117
D175 D«1048
Qs 191 0«0B6
Celld 0.065
d.092 D«0537
QaQ77 Ca0a87
Q0+ 075 Gadas
Ce 070 GeDa03
0073 0.043
Qs 067 Je045
De06Y 0082
0« 072 Q.044
0.C74 Jaed4aa
Qe OTT QaQarT
D« B9 0.052
Cel02 G954
D124 Q065
0. 159 J«0T79
CelBS D095
Ca221 Vel22

AXIAL

Qe 7
Oa34
-0a1v
=0e«34
=-0a38
=059
-0.38
-0.78
-0.84%
=0.62
-0.53
-Qai7
=009
-0410
-Dal6
-0+2%
-0.22
—0033
-0.31
-0.28
=056
-0.84
095
-0.92
-0.87
061

s

RADIAL

0«05

Que23

0.02
—0.18
—0a33
-0.40
—0a+26
-0e 54
=072
—0.59
~0e84
-0«13
-0:01
-0«03
.08
-0+09
"0-05
-0a l.‘
0«05
-« 28
-0.28
-0«40
—De23
—0.28
—Je36

K

AXI1AL

2.27
2.13
2.08
255
2.:91
3«08
2.62
3.42
370
3«50
3.58
3.30
2.69
2,.R48
278
2293
2.7S
2299
3.02
279
3ed 9
.48
4.05
2+81

K
RADIAL

227
226
2«29
2ald
2+ 206
266
247
305
3.70
3.70
349
2092
2=9}%
2:906
298
2.84%
2.82
2«79
2=T2
2+ 95
3.14
3.2A
343
297
2+92
2+ 76

U'viup?
{x 1,000}

Z2e 3538
5.7737
64,4699
5.5583
Taa618
4.8T7T1S
84,4896
2.6319
3.1396
1.0469
D+A690
D.4807
0.45615
0.2689
Oe 2269
-0.1908
0.2516
-0.0400
Gs1162
-0.0177
34685
023044
1.4333
La73476
3.04893
6.4879

64-64-H1-0Q03Y
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LY DATAFOR x/D = 3.00

R/RD

=0.87
0B84
-0 73
—0.73
=0.67
=0e61
=055
_OUSO
-0-44
=0.38
=0.32
-0.27
=0.15
-0a.10
=0.04
Q.02
D.04
0.05
0.0T
0413
0«19
0.25
0. 30
0436
Ot 2
0.48

usue

-0 182
-0, 156
—Qe 107
—De 049
0,032
De 194
Qe 297
0 367
Jed932
Q0-534
Q. 779
O+ E45
Na 855
0« 585
1« 027
1.031
1« 042
ls 046
1« 041
1.027
0=995
Da 65
OeS0O3
Ca. B30
Qe 762
Je £E25
0,548

v/UP

O«011
Qa017
0026
Q022
0.042
Ga 030
0036
0014
0.G1S
0.015
0.003
U002
02001
00048
-0.002
0,003
0aJ03
—0.,001
—0.040%
0.003
0«.008
0.000
O«011
G005
0.007
C.010

Tabla A-1. Continued

—~ NONREACTING —
wsup v /UP
Qe 136
O.178 J.084
Ce21C 0109
Q.237 GalE7
0. 249 Cel3l
Q. 261 0-1440
Q276 Dalad
Ca293 Os100
Qe 279G 0s132
Qe 244 Qe121
Na204 D-.086
Oul61t J.078
B0« 108 J=064
0e Q77 0+054
Os Q72 Q050
Qe D7D 0«047
C-.070 0050
O« 069 Os0Da8
GeCTL 0+048
Qe OT79 J«052
D« 095 Q.0861
Ga 109 0.057
00155 0.075
Q168 0075
Ce225 Cel 10
De211l. o.122
0218 Q.131

AXIAL

099

1.12

0.78

Q.64

0-29
=007
=0«15
—0.29
-0eaS
=0:67
—1-20
=113
~Ua79
-D.41
=025
-0-32
-0.18
-0s17
-0.42
-0.63
~0.96
-0.91
=1.03
-0.90
—0+S7
~-Da.41
=019

1]
RADIAL

070

042

0.40

0.33
—Dat8
-0+10
=022
~0s33
=D+42
—0e 61
—Da72
~D«68
—0. 38

0.04
-0.06
-0.20
-0a.18&
-0.07
=0+30
-0.3%
-0s3a
“0161
—0«28
—DaH0
—0.5‘
-0.28

K
AXIAL

4,02
3a.78
2478
2063
2406
2.24
2=45
2:54
2+ 69
4411t
4=16
390
Julé
3¢39
286
3.401
2.+85
3.69
3.99
.66
3490
375
348
280
2«59
2s0l1

K

RADIAL

297
260
2.35
2425
2.14
2«10
2.38
2.482
2495
3.19
.46
361
3.44
360
2«94
3a.27
3.10
Jall
3.35
3.88
305
3.35
2486
295
3.086
2«5%

WVVUPZ
{= 1,000}

2. 7296
44891
Ha 6678
8.0290
T+488S5
78841
Ba.1474
Be3497
S5.2292
29879
19200
0.4790
03782
Q2316
=-D«0007
O.1329
=-0.0269
-0.1046
Q.2122
Qe 3577
0«4968
Q7202
0«3860
Ga6279
l.6833
024293

6£-6/-H1-0Q3Y
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Table A-1. Continued

LY DATA FOR X/D =401 -- NONREACTING —
R/RD usup v/up u/up v'/up s s K K wv7up?
AXIAL RADIAL AXIAL RADIAL {» 1,000}
=093 =0, 095 0.165 Da72 2+92
~0e9) =3+079 C.018 Je IGC 0390 Q79 G2 2«66 3. 06 0.3846
~0a 848 —0.004 Q«0a7 De 224 0.123 .38 D32 2«24 242 220609
—0e73 0=051 Q+033 0=.224% 0a.l33 Dei 3 O«14 207 2.21 2-82123
-0 r2 0+093 0.035 0.237 Ga13) 0420 0«08 230 2212 21961
065 0187 0.04a% 0242 D150 GCu0T ~0«01 282 2209 2.,0922
-0e61 D218 0.026 Q.25% Dsla9 O.04 —-0,05 2e82 2.07 14028
-0e55 Oe 348 0.037 Qs 268 Jalab =015 -0.20 238 2428 13072
=-0.49 Ja3al 0+044 0a 264 Dal58 -Qes19 =0as1& 2.68 2at2 0.9884
—0edad Qaaa?7g O.0D37 De 265 O«153 -0.3% —0«29 2,38 233 16310
=0.38 D+6140 0.023 Q=254 Oel 22 ~0+80 -0e52 2atd 293 2.3885
-0 32 Qe 656 0901232 O« 261 QelZ26 —Qe71 ~0e47 2.85 300 L «3569
-0.26 0.775 0.010 0.226 Dell2 =1.03 —0a 56 3«38 3443 0.8779
=-0,21 [ P+ ] G003 Q.187 2088 —1+52 -0a81 Sa37 3.87 LeBA21S5
=-Je lS 0a-522 =0+000Q 0153 J«081 —1.77 -D+37 6aB1 340 1.0]126
~0409 0.958 ~0.001 Gal22 0077 —le62 =-0e52 GsT1 4.01 " 0.a283
=J«04 0.583 0.000 0« 093 3073 -117 =D«01 Se32 3.95 -0.0126
-0.,02 1,003 0.001 Q.087 D067 =-0eid2 ~0el0 4.09 3.33 0.3031
_0000 0.959 "0-000 0-090 J.061 -1 -29 0014 5095 30'5 _0I0352
O« 02 ""De 981 0.,003 O« 096 0062 =-1.39 -eld 6.10 T 3e.52 0.2279
Q.07 O0«S544 Q0. 002 0.121 Qa071L -la&l —-0.28 5«74 3.37 0,1257
0«14 0= E56 ~0eG02 Ge 150 0«33} =-1+25 =059 & .68 3=77 O0.1151
D19 Q- E4 8 —0000Q Jal62 0.090 ~-1a.01 —0.78 3.79 3aT8 D.5264
D.25 Qe 7653 ~04.001 D« 204 0.100 0«74 —0e53 2:96 3.1Q 0.6479
0.3' 0.&86 0-006 D-lgﬁ Oes1l2 —0055 —0.54 2-72 3.00 I.QBIS
De36 0.5%1 =0.,002 0« 222 Ja115 -0e25 -0 36 244 2463 0a.7045

D22 Qeag7? 0.60% 0. 208 O-131 ~0e12 -D.49 2042 2.80 2+4333

6L-64-HL-0Q3V
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LY DATA FOR X/0 = 5.00

R/RD

=De91

=-0.94
-0.78
-De72
—-0.67
-0.61
—0e61

—0055
—0e«09
"0-44
-0.38
-Qa32
=0.27
~0e21

-0e15

‘-0410

—-0a.0a
=0a.02
-0.00Q
0.02
0,08
OsL3
0«19
QGe25
Q.31
0«36
D.42

usup

0« 051
O« 132
0.158
De199
0« 251
04313
DsJ26
0. 382
O«.414
0. 450
0« 556
J« 630
D« 700
Qe T27
Q. 768
Cas841
0.831
O« 864
O« ESE
0« 850
0. A36
O 804
Ce 743
Qe 712
Ge 628
Q572
0,458

V/UP

0.034
0,045
0.037
0.049
Os041
Q.082
Qe04%
0.039
D031
0026
Q032
0.031
0,017
Q0.015
0.015
0,004
-0.001}
0.012
0a005
0.003
04003
—0.002
0.017
0.012
0.028
0.028
0.039

— NONREACTING —
U'/UP Y'/UP
CalHB 01006
0157 O+121
Da1G67 Os135
0.208 Je1338
G208 J.143
Qa207 Os14l
0225 Qultar?
0e221 0.140
0. 238 O«148
0« 236€ 0,147
02235 O0s132
0.231 0,131
Q224 O.131
Q222 Qa0 34
0« 205 0121
Q. 182 QGetlll
0191 0.106
Q0al57 Q115
0.156 Q.120
Del&s Call4
Qe 165 Je.108
0«.18S Oell1S
0= 189 D.115
04202 Jel 20
Qe1568 D117
0«201 0.121
0« 201 J.128

Table A-1. Continued

AXIAL

Del2
~-0.07
—0.06

0.006

0.02
-0.006
=003
~0 a0
-0s12
-0.02
_0.09
-0a.42
—0a76
~Q. 79
-0.80
=101
—1.00
-D.88
084
=108
—1l.02
-0 77
0«74
=Deb67
~0:456
_0-26
=018

$
RADIAL

LaOdd

0«30

0a10

001
—0a 04
~0.10
=0.19
=Da.18
“'0-23
-0.17
-dala
=029
-0« 31
-0.27
.12
=021
Q27
Q15
=-Qal2
-0.24
-0.30
-0.34
-°|"-7
=0.26
=0e33
=036

K
AXIAL

233
2445
2«38
267
2e6%
2595
252
2+38
2ulB
2-33
Z2.54
3.04
2.89
2.+89
3.60
Ja49
3.39
3.18
3.87
373
298
Jal2
2. 84
2+66
237
Y 3

RADIAL

4+01

2430
2el%
2417
Za26
2«16
2.25
2.17
2,23
2425
248
2456
258
2«83
2.88
2.78
2«96
34,37
Jaat

3,22
3.22
2.95
2.95
2.98
2.80
2,68
264

oV up?
[x 1,000}

0.3063
0.7458
1.5210
l-6336
0+9593
O=34a5
2.9721
2. 1399
D« 6678
1.6069
-0« 0259
1« f0B8
15710
241018
~0.0043
-0.1273
0.6266
-0.0225
0.0170
-0 .4898
0 +8895
0.2861
0.9812
14847
121693
L1535
~0,6580

GL-6L-HL-2d3Y
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LY DATA FOR X/D = 5.03

R/RD

-Q0+88
~0.582
—0.76
=072
-0.69
"0!59
—~De5a
~0a.43
-0.42
-O. ‘6
—0a.31
—0-25
~-Ds1%
=019
~0ul3
-0.07
—-0.00

0.20

0.:04

Dal5

0.27

0. 33

0+45

u/upP

0= 1567
Ted02
De221
D269
0. 275
J.328
0e 393
D021
Js 433
0.507
0507
JefB]1
D+ 660
O« 648
De&Td
0+ 7186
Qs 708
Jda688
Ja 702
Qe E73
Da604
O+ 517
O 1346

Ys/UP

=0.000
0.015
0.019
0. 731
0.039
Oa.n1l2
0.038
0.020
Jd.02
D.018
0.010
D«.022
0.01%
0.032
=0 .05
Os0RX0O
~0a.001
-0a007
Ca010C
0.012
0-.01%
V=032
00085

— NCNREACTING —
U'/UP V' /UP
D.072 0.043
0. 088 G106
€«130 2090
Ca149 Qe111
Cs130 0092
Qs150 0+1048
0. 1563 Jella
C=182 Oe112
0162 0120
Qe lTa Oalltl
2155 Oul Ll
Q153 0110
Q0al133 Gells
0. 196 0el 25
D+ 134 0el15
0179 Galll
Ca171 Js108
De163 Del2t
D174 Da112
O.176 Dali0
0.183 L+ B A |
G. 187 O.121
Q.€53 DaQal

Table A-1. Concluded

AXIAL

=024

i.03
—0.30
-0.13
-0.25
=0.10
-0.1%
=-0=09
-0.?l
-0a26
=0 ad3
—0e32
-0.39
=030
=0.248
—0.+.40
-Qe32
-0.#3
-0.27
~0el2
-0 05
Q.07

0«16

5
RADIAL

—-0.08
~0a0%
—0a07
""0-17

0+09
-0.07
=0«30
=0s33
=018
-0.33
-Qa27
=-Q0es31
=0s19
—0.21
—0+40
~0a03
~0alg

0.07
0.04
-0« 01
—0503
=002
Qels

K
AXIAL

2226
3.82
2.569

2261 -

2447
2sl186
2.28
2030
2435
2+27
242
2281
2«27
239
282
2.42
2.18
2ee?
2e 16
2.15
2«23
2«23
2.60

K
RADIAL

185
1.86
1.95
2.05
2202
2.58
2.06
218
2+ 10
2229
243
225
2«19
2.50
2240
2,30
2+13
2490
2426
228
2213
2,19
2.54

U'V'/UPZ
(= 1,000)

-0.2536
=0.0614
0«8310
D+5710
02364
D 2952
03930
Q7917
D.2682
1.,38a48
Q.6073
08531
13126
0.8018
0«8640
00616
Q. TO0D3
0.628%
0, 3825
—0. 8634
Laa706
L6731

BL-GL-HAL-DA3Y



AEDC-TR-79-79

Table A-2, Nonreactive Hydrogen Mass Fraction and Total Pressure

R/R,
0.03
0.09
0.14
0.19
0.24
0.29
0.34
0.39
0.44
0.49
0.54
0.60
0.65
0.69
0.74
0.79
0.84
0.87
0.93
0.96
1.00

LRGN

D)
DO~ BN - O

~PoODODO0ODDODO
O = Y W W W W W

0.13
0.23
0.32
0.44
0,54
0.62
0.75
0.81
0.90
1.00

Note: PT = psia

Fy

. 001
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.011
0.024
0.024
0.028
0.028
0.033
0.02%
0.024
0.028
0.028
0.028
0.024
0.020

0.001
0.001
D.001
0.001
0.003
0.008
0.120
0.120
0.110

0.120.

0.120
0.150

0.002
0.001
G.002
0.004
0.007
0,007
0,007
0.007
0.007
0.008
0.008

Fr

14,79
14,37
14.75
14,72
14,66
14. 54
14,46
14.24
13.70
13,51
13,51
13.51
13.51
13.52
13.52
13.52
13.53
131.52
13.52
13.51
13.51

14.78
14,78
14.73
T4, 64
14,38
13.80
13435
13.52
13.352
13.51
13.53
13.55

14.74
14.70 .
14,51
14,18
13.83
13.63
13.59
13,33
13.52
13.54
13,55

61

X/D

2.0

6.0

R/RD
0.02
0.12
0.24
0.35
0.46
0.57
0.67
0.75
0.83
0.90
1.00

0.02
0.13
0.23
0.33
0.44
0,53
0.62
0.73
0.83
0.94
1.00

0.02
0.13
0.23
0.34
0.43
0.52
0.63
6.73
0.81
0,93
1.00

0.03
0,12
0.23

0.43
0.53
0.64
0.73
Q.82
0.50
1.00

0.02

Fy

0.0030
0.0030
0-0040
0.0050
0.0050
0.00560
0.0060
9.0050
0.0050.
0.0060
0.0060

0.0047
0.0048
0.0048
0.0050
0.0051
0.0051
0.0050
0.0052
0.0050
0.0053
0.0052

0.0050
©.0050
0.0030
0.0050
0.0050
0.0049
0.0050
0.0050
0.6050
0.0050
Q.0050

0.0050
0.0049
0.0050
0.0050
0,0050
0.0051
0.0050
0.0050
0.0050
G.0051
0.0051

0.0050

Py

14,38
14.18
13.99
13.80
13,71
13.65
13.62
13.61

15.61

13.95
13.96
13.87
13.86
13.80
13.77
13.73
13.72
13.1
13.71
13.68

13.82
13.82
13.82
13,80
13.79
13.80
13.78
13.77
13.77
13.77
13.76

13.78
13.79
13.78
13.79
13.79
13.78
13.78
13.79
13.80
13.79
13.78

13.78
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Tabla A-3. Reactive Hydrogen Mass Fraction and Total Pressure

x/D RIRD FH X/D RfRD FH
0 0.35 0 3.0 0.34 0.008
0.42 0.023 0.42 0.015
0.45 0.025 0.45 0.014
0.51 0.022 0.52 0.018
0.57 0.021 0.57 0.020
0. 64 0.024 0.64 0.022
0.70 0.015 0.72 0.025
0.77 0.019 0.78 0.023
0.90 0.019 0.91 0.023
0.99 0.029 ] 0.99 0,022
0.5 0.21 o 4.0 0.03 0.001
0,26 0 0.12 0.002
0.35 0.005 0.20 0.003
0.42 0.021 0.26 0.005
0.46 0.029 0.34 0.007
0.52 0.03% 0.41 0.009
0.58 0.032 0.45 0.011
0. 71 0.032 0.51 0.013
0.79 0.030 0.59 0.013
0.89 0.033 0.64 0.016
0.99 0.031 0.71 0.017
0.78 0.014
1.0 0.29 0.002 0.89 0.017
0. 42 0.016 0.99 " 0.017
0.45 0.021
0.50 0.035 5.0 0.02 0.003
0.57 0.037 0.06 0.003
0. 66 0.037 0.18 0.004
a.71 0.031 0.27 0.006
0.78 0.031 0.34 0.007
D.92 0.032 0.41 0.008
r 0.99 0.035 0. 44 D.009
0.51 0.009
2.0 0.19 0.001 0.57 0,011
0.27 0.002 0,62 0.011
0.34 0.006 0.71 0.010
0. 41 0.011 0.77 0.010
0.46 0.015 0.88 0.012
0.52 - 0.024 i 0.99 0.014
0.57 0.027
0. 64 0.033 6.0 0.03 0.005
0.71 0.037 0.29 0.006
0.78 0.0 0.41 0,007
0.90 0.036 0.45 n.007
0.99 0.035 0.51 0.008
0.56 0,008
1.0 0.02 0 0.62 0.008
0.06 0.001 0.70 0.009
0. 15 0,001 0.78 0. 009
0.20 0.003 0.90 0.009
0.29 0.006 0.99 0.009
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X/p

R/R,

0.04
G.08
0.13
0.17
0.22
0.27
0.30
0.33
0.38
0. 41
0.44
0.45
0.48
0.54
0.59
0.64
0.70
a.76
0.80
D.83
0.88
0.92
Q.97
1.00

001
0.07
g.12
0.17
0.23

0.37

Note:

P
T

= psia

Table A-3. Continued

By

14.83
14.83
14,82
14.81
14.78
14,72
14,65
14.61
14.49
14.38
14.22
13.88
13.62
13.57
13.36
13.56
13.56
13.57
13.56
13.56
13.57
13.57
13.56
13.57
13.56

14. 82
14.82
14. 81
14. 177
14.72
14.64
14.52
14.36
14.21
14,03
13.87
13.74
13,64
13.58
13.57
13.58
13.57
13.57
13.57

14.80
14.79

X/n

1.0

63

0.42
0.45
0.48
0.62
0.77
0.84
1.00

0.04
0.09
a.16
0.23
0.30
0.33
0.39
0,45
0.49
0.56
0.61
0.67
0.75
0.94
1.00

0.01
.04
G.G7
0.13
0.18
0.22
0.27
0.1
0.36
0.40
0.44
0.52
0.63
0.70
0.B0
0.94
1.00

AEDC-TR-79-79

=

14,77
14.74
14.69
14.64
14.58
14.43
14.20
14,06
13,92
13.82
i3.60
13.57
13.56
13.57

14.78
14.77
14.75
14.69
14.56
14.34
14.28
14.04
13.89
13.83
13.71
13.67
13.62
13.61
13.59
13.59

14.68
14.70
14.63
14.56
14.46
14.37
14,21

14,14
14.00

13.92
13.83
13.73
13.67
13.67
13.63
13.62
13.63
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Table A-3. Concluded

ik e il x bl r

4.0 0.01 14.50 5.0 0.48 13.79
0.06 14.49 0.54 13.73
0.09 14.49 0.60 13.74
0.12 14.39 0.63 13.71
0.16 14.37 0,59 13.69
0.19 14,34 0.77 13.70
0.23 14.19 /0,86 13.66
0.27 14.15 0.95 13.67
0.32 14.04 1,00 13.66
0.38 13.89 .
0.46 13.83 6.0 0.04 13.96
0.52 13.73 0.08 13.97
0.38 13.68 D.11 13.95
0.69 13.63 0.14 13.97
0.79 13.62 0.18 13.93
0.93 13.62 0.22 13.49
1.00 13.61 0.25 13.89

0.29 13.86

5.0 0.01 14.19 0.34 13.86
0.03 14.20 0.40 13,80
0.09 14,18 0.47 13,77
0.13 14,15 0.54 13.76
0.20 14.09 0.60 13.76
0.23 14.06 0.68 13.72
0.27 14.02 0.77 13.71
0.30 13.96 0.85 13.68
0.35 13.88 0,94 13,70 .
0.41 13.85 1.00 13.67

Noce: PT = psia
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x/n

0.14
0.33
0.52
0.71
0.30
1.10
1.29
1.48
1.67
1.86
2,05
2.24
2.43
2.62
2.81

Table A-4. Wall Static Pressure Distribution

Nonreactive
Ap, psf

0
-0.43
-0, 86
-0.86
-1.58
-1.82
-0.05

2.26

4,90

g.11
11,18
14.35
17.33
20,45
23.33
25.34

Reactive
4p, psi

O Qo o T

1.5
2.45
1.37
1.80
2,38
2.66
3,10
4,97
4,82
5.18
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Nonreactive

x/D Ap, psf
3.00 27.89
3.19 30.77
3.38 30.91
3.57 32.30
3.76 33,02
3.95 34,137
4,14 34,27
4.33 34.42
4.52 34,70
4.64 34.75
.76 34,75
5.06 34.99
5.18 35,04
5.48 35.14
5,86 35.14
6.05 35.14

AEDC-TR-79-79

Reactive
Ap, psf

5.69
7.70
7.78
8.93
9.79

11.09

12.24

13.18

14.85

15.12

16.20

17,86

18,72

20.52

22.39

23.62
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Table A-5. Laser-Raman Temperature (°R)

R/E,
.02
0.19
0.39
O.48
0.57
Q.63
0.66
0.7
0.76
0,81
0,87
Q.90
0.95

.02
0,10
0.1B
a.28
0.18
0.48
0.57
Q.63
a.68
0.72
a.77
0,81
0.84
0.89
0.95

4]
0.004
0.14

574
507
590
623
949

1,136

1,402

1,287

1,571

1,433

1,453

1,166

1,278

571
581
511
580
664
702
1,220
1,697
1,656
2,026
2,044
2,313
1,846
2,174
2,540

608
581
668
592
599

1,010

1,168

1,642

1,384

1,758

1,371

1,885

1,904

1,978
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626
598
578
727
745
594

1,346

1,100

1,496

1,514

1,544

630
684
959
887
1,098
1,092
1,301
1,237
1,288

08
844
914
948
1,026
977

891
898
942
952
961
952
965
956
B75
931
1,001
9518
1,049
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APPENDIX B
CHEMISTRY MODEL

R. P. Rhodes

In order to calculate free-stream gas properties in a potentially reacting system from
total pressure, static pressure, and gas compositon, the following assumptions were made:

1. There is a unique relationship between elemental composition and total
enthalpy. In this analysis, both gases were introduced near room
temperature, where Hp is O and all mixiures were assumed to have an Ht
of 0; Ht is defined by:

Hp - z l}ai(f C, 4T + 1, )] + u?/2 (B-1)

where
B; = Moles/g of species i
Cpj = Molar specific heat of species i
| T = Static temperature

u = VYelocity

T;

Reference temperature for the enthalpy
Hy = Heat of formation of species i
2. The state of reaction is known. Calculations were made assuming both
frozen (unreacted) and equilibrium (completely reacted) gases.

3. The compression process from the free stream to stagnation presure on the
probe tip is isentropic and chemically frozen.

4, Composition of air is assumed to be 0.2095 mole fraction O, and 0.7905
mole fraction Ny,
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5. The static pressure is assumed constant with duct radius and equal to the
measured wall value.

6. The gas mixtures are thermally perfect.

Given the pressure, enthalpy, and chemical composition, the computer program of
Ref. 20 was used to calculate the gas properties. The program may be run assuming
either frozen chemistry, in which case the species partial pressures are required, or
equilibrium chemistry using the melar ratios of the elements.

The gas properties are calculated by the following procedure:

1. From the mass fraction of elemental hydrogen, compute the moles/unit
mass of each element,

By = ay/1.008

Bo = 0.2005(1 - ay)/ 16 (B-2)

By =0.7905 (1~ ay)/14.008

These variables are input to the gas properties program for the equilibrium
calculation. For the frozen calculation, the partial pressures of Hs, O,
and Nj; are required. For the gas constituents being considered, the
moles/unit mass (§) of the molecules is %28 of the element, and:

P, - PBJ/E B (B-3)

Bj
where s is each species.
2. A velocity is assumed and the static enthalpy is calculated from:
H = Hp -~ o%/2 (B-4)
3. The remaining free-streamn propertics including entropy (82) are caiculated

from the Free-stream enthalpy, the measured static pressure, and
composition using the gus properties program described in Ref. 18,
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An estimate of the total pressure is obtained from the isentropic
relationship:

- fy-1 -
1 Mz) y/ly-1) (B-5)

S
L T

using the Mach number and - from the calculations in Eq. (B-3). The
entropy (81) is then calculated using the gas properties program with
frozen composition, Py from Eq. (B-5),.and Hry. Since, for an adiabatic
system,

Pr,/Pr, = Exp [-(5;-S)W/R,] (B-6)
the total pressure Prs corresponding to the isentropic compression at Si
may be obtained from Eq. (B-6).

Steps 2 to 4 are repeated with a new value of u obtained from (Upey -

Uotd) ~ (PTy yasured = PTora(PWo1a until (Upew - Ugrg) is less than 1
ftfsec. The gas properties obtained in step 3 on the final iteration are
taken to be the free-stream properties,
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NOMENCLATURE
A Mass flow rate of air, lbm/sec
By Bias af the parameter ($), units of &
D Duct diameter, 5.24 in.
F Mass flow rate of fuel (hydrogen), Ibinjsec
Fu Hydrogen mass fraction, total hydrogen mass/total mass
f Frequency, Hz
) 4 Coefficient of Kurtosis (Ref. 21)
Ku, Kv  Fringe spacing, ft x 106
Npe Reynolds number based on primary jet radius
P Pressure, psia
Ap Difference between wall static pressure at station X and station zero, psf
R Radius, in.
R, Universal gas constant 1,545 ft-1bf jlb-mole-I“R
] Coefficient of skewness (Ref. 21)
So Precision index of the parumeter (<), units of &
T Temperature, °R
Usp Uncertainty in the parameter (#), units of &
u Mean axial velocity, ft/sec
u Root-mean-square fluctuating velocity, ft/sec
u'fup, Axial turbulence intensity
uy Shear stress correlation
W " Molecular weight of the mixture, lbm/mole
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v Mean radial velocity, ft/sec

v' Root-mean-square fluctuating velocity, ft/sec

v'fug Radial turbulence intensity

X Axial coordinate measured from primary nozzle cxit locatipn, in.
Xy Axiul location of the torwurd stagnation point on the duct wall (Fig. )
Xrs Axial location of the rear stagnation point on the duct wall (Fig. |)
an Muss fraction of elementul hydrogen

B Parameter, moles/gm of species i

¥ Ratio of specific heats

N Dynamic viscosity, lbm/tt-sec

k Measured parameter which defines ¢

p Density. lbm/ft3

D Dummy parameter, scalar

Subscripts

1,2 Arbitrary stations in iteration scheme

A Argon

¢ Centerline

D Duct .

H Hydrogen

i Arbitrary chemical species

N Nitrogen

O Oxygen

p Primary jet property
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r

Reference value
Secondary

Total or stagnation conditions
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